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Engineered cementitious composite (ECC) material is a high-strength, fiber-
reinforced, ductile mortar mixture that can exhibit tensile strains of up to 5%.  The 
durability and mechanical properties of ECC make it a desirable construction material.  
This study presents an extensive evaluation of modified engineered cementitious 
composite (MECC) using locally sourced raw materials for use as a bridge-deck-overlay 
material.  MECC is a mixture of cement, fly ash, water, concrete sand, and poly-vinyl 
alcohol fibers.  The concrete sand used in this study was used in lieu of the typically used 
silica sand to reduce the high material cost, which makes MECC a modified ECC mix.  
Currently, the Nevada Department of Transportation (NDOT) uses a polymer concrete 
for bridge-deck-overlays in Nevada.  While NDOT has had good performance with the 
polymer concrete overlays, the polymer concrete material is an expensive proprietary 
material.  NDOT believes that MECC may be a viable alternative to the polymer concrete 
as a bridge-deck-overlay material. 
In this study, three different representative aggregates from throughout Nevada 
were selected to understand how the local aggregates would perform in MECC mixes.  In 
total, eighteen different MECC mixes were evaluated using a total of thirteen different 
tests to determine the fresh and hardened properties of the MECC material.  These tests 
included compressive strength, freeze-thaw durability, resistance to chloride ion 
penetration, and drying shrinkage.  Additionally, a uniaxial tensile test was developed to 
test the tensile strengths and tensile strains of these different MECC mixes.  In addition to 
evaluating MECC, samples of the polymer concrete and of a traditional Portland cement 
concrete mix were also tested.  These results were used to determine how the 
performance of the MECC material compares with polymer concrete and traditional 
concrete.   
The laboratory test results were then analyzed using several different statistical 
analyses.  First, all of the MECC mixes were compared with each other, and the polymer 
concrete and traditional concrete mixes.  This showed how many mixes had statistically 
significantly higher/lower performance that both the polymer concrete and traditional 
concrete.  Second, linear regressions were used to determine the standardized regression 
coefficients (or beta coefficients) which were used to determine which variables (mix 
proportions, aggregate source, fiber type) influenced the MECC’s properties.  Third, 
additional MECC mixes were batched to determine which aggregate properties would 
influence the MECC’s properties.  From this analysis, several predictive models were 
developed to predict the properties of an MECC mix that used a specific fine aggregate 





After the completion of the laboratory phase, three different field trials were 
conducted to determine the feasibility of batching large amounts of MECC at commercial 
concrete batch plants.  In these trials, approximately 6 cubic yards of MECC was mixed 
using different plant configurations to determine if any special measures would be needed 
to mix MECC on a large-scale.  Additionally, a trial slab of MECC was placed at each of 
these field trials to determine how easy the MECC material would be to place, 
consolidate, and finish. 
The findings of this study are that MECC has many desirable qualities of a 
bridge-deck-overlay material.  MECC has higher compressive strengths, higher tensile 
strengths and strains, high resistance to chloride ion penetration, and higher abrasion 
resistance than traditional concrete.  Additionally, MECC has similar performance to the 
polymer concrete, meaning there is not a significant drop in performance between the 
materials.  The large-scale trial batches showed that MECC could be mixed on a large-
scale without any special measures.  While MECC is harder to place than traditional 
concrete, it is not expected to require any specialty equipment for placement.  The 
findings of this study were used to draft a specification for NDOT for the use of MECC 
as a bridge-deck-overlay material.  This specification will be used in an upcoming field 
project by NDOT where a bridge-deck-overlay measuring approximately 28 feet by 140 
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CHAPTER 1: INTRODUCTION AND BACKGROUND INFORMATION 
1.1 Problem Statement 
 A recent goal within highway design and construction has been durability and 
sustainability.  The push to make longer-lasting highways and bridges using sustainable 
methods has never been greater.  The Nevada Department of Transportation (NDOT) 
currently uses a polymer concrete for most of the non-structural overlays on bridge decks.  
This polymer concrete has proven to have superior performance compared to both asphalt 
and concrete bridge deck overlays.  However, this polymer concrete is a proprietary 
material that has been only available from one supplier, resulting in high material cost.  
There is a relatively new material called engineered cementitious composites (ECC).  
ECC has been shown to have many desirable properties for a bridge-deck overlay, such 
as exceptional tensile properties, high corrosion resistance, and micro-cracking that can 
lead to self-healing and ductile behavior.   
The purpose of this study was to determine if ECC would be suitable for use as a 
bridge deck overlay in Nevada.  It is believed that the tensile properties and ductile 
behavior of ECC made with locally sourced materials could potentially replace the 
polymer concrete as the material for these overlays and save NDOT a significant amount 
of money.  But because ECC is a relatively new material, there are several issues that 
need to be investigated.  This include whether or not quality ECC can be made from the 
local aggregates, and if ECC can be consistently and reliably produced.  In this study, 
commonly available and economically viable concrete sands conforming to ASTM C33 
Specification for Concrete Aggregates were used as the only aggregate in the material.  
The use of locally available concrete sands would not only reduce the cost of ECC, but 
would allow for each contractor to develop their own ECC mix to pass the specification.  
The ECC made with the concrete sands in lieu of the silica sand is considered to be a 
modified ECC mixture (MECC). 
1.2 Background Information 
ECC is a fiber-reinforced mortar consisting of cement, fly ash, sand, water, and 
poly-vinyl alcohol (PVA) micro-fibers.  Chemical admixtures can also be added, as 
needed, to modify the workability or set times of the ECC.  The first ECC mixes were 
developed at the University of Michigan where an extensive amount of research has been 
conducted on ECC.  These past studies showed that ECC has better performance than 
traditional Portland cement concrete (PCC) mixes.  These studies have shown that ECC 
can reach tensile strain values of over 3.5%, which is vastly superior to traditional 
Portland cement concrete’s (PCC) value of 0.01%.  ECC also has the ability to form 





allowing for the ECC to withstand large deflections without losing its ability to carry load 
(1). 
While ECC has numerous benefits, there are a few negatives for the use of the 
material.  First, almost all of the past work was performed on ECC material consisting of 
a very fine silica sand that is not commonly supplied by most aggregate pits.  This silica 
sand consisted of more than 90% passing the No. 100 sieve size (1).  A study by the 
Minnesota Department of Transportation (2) evaluated the use of coarse aggregates in 
ECC using a 3/8 inch maximum aggregate size gradation.  The results showed that ECC 
made with coarse aggregates did not exhibit the desired tensile properties or ductile 
behavior that is unique to ECC.  This specific silica sand is rare and only available from 
few suppliers within the United States, which would dramatically increase the cost to 
produce ECC.  Additionally, the use of silica sand exclusively would impede on 
contractors’ ability to develop innovative ECC mix designs.  The use of locally available 
concrete sands becomes imperative in the implementation of ECC within Nevada. 
1.3 Research Objectives 
The laboratory experiment and field trials documented in this study had several 
objectives. 
1. Develop multiple ECC mixes and define the expected performance of ECC using 
locally sourced materials.  Determine how ECC mixes with different concrete sands, 
mix proportions, and fiber types will perform in a multitude of performance test.  The 
MECC was compared to the polymer concrete currently used for non-structural 
bridge deck overlays in Nevada. 
 
2. Determine if MECC could be mixed on a large scale at a concrete batch plant and 
delivered using commercially available concrete trucks.  Additionally, determine if 
any adjustments need to be made to the standard of practice in order to batch MECC 
on a large scale, such as mixing sequences. 
 
3. Determine the short-term and long-term performance of an ECC bridge deck overlay 
by constructing a trial overlay.  Even if the MECC material has comparable 
performance to the polymer concrete, MCC may not perform the same in the field.  A 
trial overlay will help determine how likely MECC overlays become implemented by 
NDOT. 
 
4. Develop a specification for NDOT to allow for the use of ECC as a bridge deck 





three objectives, a special provision will be drafted for MECC overlays.  The 
specification will cover the minimum required MECC material properties, large-scale 
trial batches, and placement methods.  The final version of the MECC special 







CHAPTER 2: LITERATURE REVIEW  
2.1 Introduction 
This chapter is the comprehensive literature review and is the final product of 
Task 1 of NDOT project 13-39.  The chapter has been divided into sections that address 
the key aspects of ECC.  Each section will provide an introduction and then summarize 
the ECC literature. It covers all aspects of ECC, from mix design and testing to 
production and application of the material.  Several different ECC mixes from the 
literature were evaluated to determine the optimal mix proportions for the material.  
Several studies presented herein evaluated the durability of ECC under conditions that 
would be expected for bridge deck overlays.  In side by side testing, ECC samples have 
been shown to withstand these harsh conditions whereas concrete samples were 
destroyed during the tests.  The production of large-scale ECC batches was investigated 
where multiple batching sequences were evaluated until to find sequences that produced 
consistent ECC with sufficient mechanical properties. The application of ECC, 
specifically as bridge deck link slabs, was performed to evaluate the feasibility of ECC as 
a construction material.  The field demonstrations of ECC were used to validate 
laboratory test results and determine if ECC could be produced and applied as frequency 
and as easily as concrete. 
2.2 Review of ECC Mix Design and Properties 
2.2.1 Introduction 
This section summarizes the information compiled from an extensive literature 
review on the available research studies, mix design and mix compositions, as well as 
well as fresh and hardened properties of ECC.  Several mix design variables were 
evaluated in the literature: sand-to-cement ratio (S/C), water-to-cement ratio (W/C), fly-
ash-to-cement (FA/C), and different amounts of chemical admixtures.  Different types of 
cement, fly ash, and fibers were also evaluated.  The interface between the fibers and 
matrix was studied by several researchers and the results from the literature are presented.  
Many different mechanical and performance properties were evaluated and reported such 
as tensile strength, tensile strain capacity, compressive strength, flexural strength, and 
fatigue resistance.  The durability and resistance of ECC to freeze-thaw and 
environmental conditions as found in the literature are also summarized in this chapter.  
2.2.2 Tensile Strain-Hardening Behavior of Polyvinyl Alcohol ECC 
In 2001, Li et al. 3 discussed how engineered cementitious composites (ECC) 
with polyvinyl alcohol (PVA) fibers were designed and tested.  The parameters that are 





setting.  There were two variables in the experiment: the amount of fiber surface coating 
(by % weight fibers) and the sand content.  In total there were twelve different ECC mix 
designs using the REC fibers.  A fiber reinforced concrete (FRC) mix with a different 
type of fiber was used as the reference mix.  Table 1 shows the ECC mix proportions 
while Table 2 shows the properties of the two different PVA fibers used in this 
experiment. 







Cement Water Sand MC1 SP2 
1 0.3 2.0 1.0 0.45 0.5 0.0020 None 
2 0.3 2.0 1.0 0.45 0.6 0.0020 0.02 
3 0.3 2.0 1.0 0.45 0.8 0.0015 0.03 
4 0.3 2.0 1.0 0.45 1.0 0.0015 0.03 
5 0.5 2.0 1.0 0.45 0.6 0.0015 0.03 
6 0.5 2.0 1.0 0.45 0.8 0.0015 0.03 
7 0.5 2.0 1.0 0.45 1.0 0.0015 0.03 
8 0.5 2.0 1.0 0.45 1.2 0.0015 0.03 
9 0.8 2.0 1.0 0.45 0.6 0.0015 0.03 
10 0.8 2.0 1.0 0.45 1.0 0.0015 0.03 
11 0.8 2.0 1.0 0.45 1.2 0.0015 0.03 
12 0.8 2.5 1.0 0.45 1.2 0.0015 0.03 
PVA-FRC w/RMU Fibers 2.0 1.0 0.45 0.6 0.0015 0.03 
1 Hydroxypropyl methlcellulose to cement ratio 
2 High range water reducing admixture 
































The mixes were cast into samples and were tested at 28 days using a uniaxial tensile 
test (testing procedure explained in report).  This is because some types of fiber 
reinforced concretes might show signs of strain-hardening under flexural loading even 
though the material is brittle or quasi-brittle.  Thus, the uniaxial tensile test is the most 
accurate method to characterize the material properties in tension.   
The results of the test showed that all mixes (except for the reference mix, i.e., FRC 
w/RMU) exhibited strain-hardening behavior.  The ultimate tensile strain capacities 
varied between 5.5% and 15%, the ultimate tensile strengths fell between 536 psi (3.7 





MPa) and 565 psi (3.9 MPa).  Failure in the samples showed that fracture localization 
was not present after first crack strengths were exceeded, meaning multiple cracking 
behavior was observed.  Fracture localization was present once ultimate strengths were 
reached, leading to a crack to develop at the weakest section that will cause the specimen 
to fail.   
Table 3 summarizes the findings from the experiment.  The tensile first crack strength 
and tensile ultimate strength increased as sand content increased for a constant oiling 
content.  Both strengths were largest at oiling content of 0.3%.  The ultimate tensile strain 
capacity increased as the oiling content increased and was largest for an oiling content of 
0.5%.  Lastly, an increase in the amount of fibers from 2% to 2.5% by volume caused 
huge increases in strengths.  




• Significant Factors: Oiling agent content, sand-to-cement ratio (s/c), fiber 
content. 
• The first crack strength decreased as the oiling agent increased.  Highest 
strengths were achieved at oiling agent content of 0.3%. 
• The first crack strength increased as the s/c ratio increased with constant 
oiling agent content. 
• Increased fiber content of 2.5% (by volume) increased strength by 30% 
compared with fiber content of 2%.  
Ultimate Tensile 
Strength 
• Significant Factors: Oiling agent content, sand-to-cement ratio (s/c), fiber 
content. 
• The ultimate strength decreased as the oiling agent increased.  Highest 
strengths were achieved at oiling agent content of 0.3%. 
• The ultimate strength was highest at medium s/c ratios for each oil agent 
content.   
• Increased fiber content of 2.5% (by volume) increased strength by 16% 
compared with fiber content of 2%. 
Ultimate Tensile 
Strain Capacity 
• Significant Factors: Oiling agent content, sand-to-cement ratio (s/c), fiber 
content. 
• The ultimate tensile strain was highest at oiling agent content of 0.5%. 
• Increased fiber content of 2.5% (by volume) increased strain by 85% with 
compared with content of 2%. 
 
Modifying the fiber-matrix interface properties is a major component of ECC.  Strain-
hardening behavior is dependent on the interface properties between the cement and 
fibers.  This was demonstrated with the reference mix as it did not experience multiple 
cracking behavior because there was no oiling agent used in the mix.  Higher surface 
coating content led to more consistent performance of the material.  High coating content 





2.2.3 Monotonic and Fatigue Performance in Bending of Fiber-Reinforced ECC in 
Overlay System 
Zhang and Li 4 evaluated the monotonic and fatigue performance of a PVA-ECC 
using a composite beam in bending.  The study offers a theoretical analysis of ECC 
material being used in an overlay system.   
A beam was constructed that consisted of a concrete bridge deck and an ECC overlay.  
Table 4 shows the mix proportions for the ECC and concrete materials evaluated.  Table 
5 shows the properties of the PVA fibers used.  Beam dimensions are given in Figure 1.  
The beam was tested using a three-point bending load and was performed in accordance 
with ASTM C1018.  The beams were cast such that only the overlay was being subjected 
to the load.  There were five test beams used in this experiment: one beam consisting of a 
Portland cement (PC) overlay and four beams consisting of an ECC overlay.  The test 
took into account the interface condition between the ECC and PC beam.  Two of ECC 
overlay beams and the PC overlay beam were prepared with diamond saw cut (smooth) 
surfaces where the overlay was placed onto the beam.  The other two ECC overlay beams 
were prepared by sand blasting the cut surface (rough) where the overlay was placed onto 
the beam.   
Table 4:  Mix proportions (by weigh) for PC and ECC mixes evaluated in overlay system 
fatigue study. 
Component PC ECC 
Cement (Type 1) 1.00 1.00 
Natural Sand 1.62 1.00 
Crushed Stone 1.62 --- 
Water 0.45 0.434 
Superplasticizer 0.005 0.025 
Methyl Cellulose --- 0.002 
PVA Fibers --- 2% by volume 
Notes: Superplasticizer has water content of 66%;  
Natural River sand has particle sizes of (0.011-0.16 inches (0.3-4 mm). 
Crushed stone has maximum particle size of 0.4 inches (10 mm). 
The additional Superplasticizer in the ECC is to increase the workability of the mix. 
  
Table 5: Properties of PVA fiber evaluated in overlay system fatigue study.  
Type Ef  Sf Df Lf  
PVA (K-II) 6,210 ksi 
(42.8 GPa) 














Figure 1: Dimensions for ECC/concrete beam evaluated in overlay system fatigue study. 
4 
Table 6 summarizes the findings from this study.  The ECC overlay had a modulus of 
rupture (MR) of 1.94 ksi (13.35 MPa) and 1.98 ksi (13.68 MPa) for the rough and smooth 
beams, respectively.  The PC overlay had a MR of 0.9 ksi (6.24 MPa).  The beam 
deflection for the ECC overlay was 0.04 inches (1.05 mm) for the rough interface and 
0.088 inches (2.24 mm) for the smooth interface.  The smooth surface ECC overlay had a 
higher load capacity because the smooth interface allowed for the ECC overlay to 
delaminate over a larger area, which increased the multiple cracking zone within the 
overlay.  The first crack strength was 510 psi (3.5 MPa) for both the smooth and rough 
interface for the ECC overlay. 




• Significant factors: Overlay/bridge deck interface conditions 
• Smooth interface surface between overlay layer and bridge deck will cause 
the ECC to have a higher modulus of rupture. 
First Crack 
Strength 
• No significant factors. 
• Both smooth and rough interface surface between overlay layer and bridge 
deck layer  had the same first crack strength. 
Beam 
Deflecton 
• Significant factors: Overlay/bridge deck interface conditions 
• Smooth interface surface between overlay layer and bridge deck will cause 
the beam to have a higher vertical deflection under four-point bending. 
Overlay 
Delamination 
• Significant factors: Overlay/bridge deck interface conditions 
• The ECC overlay layer will delaminate from the bridge deck under bending 
load.  Smooth surface interface allows ECC layer to delaminate over a larger 
area, which causes the beam to deflect more and the modulus of rupture for 







2.2.4 Interface Tailoring for Strain-Hardening Polyvinyl Alcohol ECC 
In 2002, Li et al. 5 investigated the influence of fiber/matrix interface on the tensile 
strain capacity of a PVA-ECC mixture.  The objective was to adjust the oiling agent 
content (% weight of fibers) such that the fiber/matrix interface properties fell within the 
range of optimal values calculated.  Three critical parameters for the fiber/matrix 
interface were identified: (1) chemical bond; (2) slip-hardening coefficient; and (3) the 
interface frictional bond.  A single ECC mix was used in this study.  Table 7 shows the 
mix proportions of the ECC while Table 8 shows the properties of the PVA fibers used in 
this experiment.  Five different oiling agent contents were tested: 0.0, 0.3, 0.5, 0.8, and 
1.2%.  To assess the three interface parameters, a single fiber pullout test was conducted 
at 21 days.  Fibers were placed protruding out from the ECC sample and these fibers 
were pulled out at an angle normal to the sample using a load cell.  To determine the 
tensile strain capacity of the mixes, a uniaxial tension test was also performed at 14 days. 
Table 9 summarizes the findings for this study.  The results from the pullout test 
showed that all three of the interface parameters decreased as the oiling agent content 
increased.  It was found that oil content between 0.8% and 1.2% allowed the fiber/matrix 
interface to be within the range of optimal values.  The results of the tension test showed 
that the first crack strength decreased with increasing oil content.  However, the tensile 
strain capacity greatly increased as the oil content increased.  This study showed that 
ECC can achieve tensile strain capacity of 4.88% by modifying the interface properties 
between the cement and fiber using an oiling agent. 
Table 7: Mix proportion for the ECC used in the fiber/matrix interface evaluation study. 
W/C Ratio 
by Weight 








0.45 0.6 2.0 0.15 0.05 
Note: Type I cement; Fiber content was 2% by volume; F110 sand used 





































• Significant Factors: Oiling agent content 
• The first crack strength decreased and then increased as the oiling agent 
increased.  Highest strength of 420 psi (2.9 MPa) was achieved at oiling 
agent content of 1.2%  
Ultimate Tensile 
Strength 
• Significant Factors: Oiling agent content 
• The ultimate tensile strength decreased and then increased as oiling agent 
content increased.   
• Highest strength of 667 psi (4.6 MPa) was achieved at oiling agent 
content of 0.8%. 
Ultimate Tensile 
Strain Capacity 
• Significant Factors: Oiling agent content 
• The ultimate tensile strain capacity increased as the oiling content 
increased.  Tensile strain of 4.88% was achieved with 1.2% oiling agent 
content.  
 
2.2.5 Design of ECC for Processing and Workability Requirements 
Fischer et al. 6 investigated in a 2003 study how to design an ECC mix that can be 
mixed in conventional gravity-based drum mixers.  The focus was to create an ECC mix 
in a laboratory setting that will be densely packed and well-dispersed.  This mix would 
reach a fluid state when water is added to achieve a high workability.  
To achieve a dense mix, the ideal gradation for the composition of cement, sand, and 
fly ash (Type C and Type F) was determined using Equation 1.  A blend of these 
components that best matched the ideal gradation was found to be: 1 part cement, 0.8 
sand, 0.5 fly ash F, and 0.3 fly ash C by weight.  In this experiment, the water content of 
the mix was varied and five different water-to-cement (w/c) ratios were tested.  Table 10 
shows the mix proportions for the five high-workability ECC mixes and for the reference 
ECC mix.   
 = 100 ∗ ( 	
).         (Eq. 1)  
where fd is the fraction of particles smaller than d, d is the particle size smaller than D in 






Table 10: Mix proportions for the five high workability and the traditional (M-ref) ECC 
mixes. 
Components M-ref M-1 M-1 M-3 M-4 M-5 
Cement 1.00 1.00 1.00 1.00 1.00 1.00 
Sand 0.60 0.80 0.80 0.80 0.80 0.80 
Fly Ash (F) 0.00 0.50 0.50 0.50 0.50 0.50 
Fly Ash (C) 0.15 0.30 0.30 0.30 0.30 0.30 
Ratios  
W/C 0.45 0.36 0.37 0.38 0.40 0.42 
W/(CM) 0.450 0.195 0.202 0.207 0.220 0.230 
W/Solids 0.260 0.134 0.138 0.142 0.150 0.158 
MFS2/C 0.020 0.030 0.030 0.030 0.030 0.030 
HPMC3/C 0.00150 0 0 0 0 0 
1 CM = cementitious material = (cement + fly ash) 
2 MFS is a superplasticizer. 
3 HPMC is hydroxypropyl methlcellulose. 
 
Using Equation 1, the ideal gradation was determined.  This gradation is ideal 
because it gives the highest density by optimizing the particle packing of all dry particles 
in the mix.  Figure 2 shows the gradations of the dry components of the ECC (cement, 
sand, and fly ash).  Figure 3 shows how the ECC gradation compares with the ideal 
gradation.  The mix designs were determined based on trial and error testing in the 
laboratory.  The water content was increased until the ECC mix was fluid enough to be 
mixed in a drum mixer.  Mix M-5 exhibited all of the desired properties of a workable 
ECC mix that can be mixed in a drum mixer.  The air content of the fresh ECC was 
measured.  The flowability index (Γ) was also calculated (Equation 2).  D0 is the diameter 
of the bottom of slump cone, which measured 0.78 inches (20 cm) and Df is the diameter 
of ECC after slump cone is removed in cm. 
Γ =            (Eq. 2) 
A certain mixing procedure was implemented to achieve a homogenous mixture.  
Sand, fly ash, and 1/3 of the cement were dry mixed for one minute, followed by 80% of 
the water.  Next, the remaining water, cement, and superplasticizer were added.  Lastly, 
the PVA fibers were added.  Samples were mixed in a planetary mixer first, then in a 
drum mixer.  After the samples were mixed, they underwent a direct tensile test to 
determine the strength of the ECC mixes. 
Table 11 summarizes the findings from this study.  Mix M-5 was successfully mixed 
in a gravity-based drum mixer.  M-5 mix showed a tensile strain of 4% and an ultimate 





mixing and remained homogeneous throughout mixing.  M-5 also had an air content of 
4.3% and a flowability index of 19.25. 
 
Figure 2: Gradations for all dry components in the ECC mixtures. 6 
 
Figure 3: Gradation of ECC mixtures (sand, fly ash, and cement particles). 6 
Table 11: Summary of findings from processing and workability study. 
Property Findings 
Workability • Significant factors: w/c ratio 
• Higher w/c ratio will cause higher workability of ECC mixes. 
• Fresh sample of mix M-5 had spread of 35 inches (90 cm) after slump cone 
was removed. 
• Fresh sample of mix M-5 had flowability index of 19.25 
Tensile Strength • Mix M-5 had a tensile strength of 870 psi after being mixed in drum mixer. 
Tensile Strain 
Capacity 
• Mix M-5 had a tensile strain of 4% after being mixed in drum mixer. 
Air Content • Significant factors: w/c ratio 
• Higher w/c ratio will cause lower air content. 






2.2.6 Evaluation Method for PVA Fiber Distribution in ECC 
In 2003, Torigoe et al. 7 evaluated how the fiber distribution in ECC can be 
quantified as well as its influence on the strain capacity of the material.  Several ECC 
specimens were cast and subjected to a uniaxial tensile test.  After testing, the specimen 
was cut such that the cross section at the location of the largest crack was exposed.  A 
mercury light, filtered through a Green Flourescent Protein (GFP) filter, was shined onto 
the sample.   This caused the fibers in the cross section to show as green to yellow dots 
against the black background of the ECC.  The images were analyzed using a compter 
software (Media Cybernetics).  These images were split into various amounts of equally 
sized pieces.  The number of fibers inside each of the pieces was counted manually.  
Using statitical analysis, the “distribution coefficient” was calculated for each sample at 
each of the seven different number of pieces.  For reference, a distribution coefficient of 
1 means there are an equal number of fibers in all of the pieces of the cross section. 
Table 12 summarizes the laboratory test results and findings.  The distribution 
coefficient was most accurate between 56 and 270 pieces.  270 pieces is the optimal 
number of pieces (evaluated in this study) because it provides a larger population for the 
statistical analysis.  There was a strong linear correlation between the distribution 
coefficient and the strain capaity of the ECC samples.  Based on these results, the 
distribution of fibers in the ECC was identified critical to the mechanical properties of the 
material.   




• No significant different in distribution coefficient between 56 and 270 
number of pieces. 
• Maximum value of distribution coeffecient occurred at 72 number of pieces. 
• Higher number of pieces will reduce the sensativity of the distribution 
coefficient.  
• Standard deviation of distribution coefficient is not affected by the ultimate 
tensile strain of ECC samples. 
Tensile Strain 
Capacity 
• The tensile strain capacity of samples increased as the distribution coefficient 
increased. 
• Distribution coefficient of 0.7 represents strain capacity of 7% while 







2.2.7 Micromechanics-Based Durability Study of Polyvinyl Alcohol ECC  
In 2004, Li et. al. 8 evaluated the long-term mechanical and micromechanical 
properties of laboratory produced ECC.  The evaluation focused on how the tensile and 
fiber/matrix interface properties of ECC change with time by subjecting ECC samples to 
accelerated aging and then performing a uniaxial tension testing. 
A single ECC mix was evaluated in this study.  Table 13 shows the mix proportions 
for the ECC mix while Table 14 shows the properties of the PVA fibers used.  ECC 
samples were cured in water at 68°F (20°C) for 28 days.  Samples were then submerged 
in water at 140°F (60°C) for 0, 4, 13, and 26 weeks before they were subjected to a single 
fiber pullout test and a uniaxial tensile test.  In addition, fibers were placed in 140°F 
(60°C) water for 0, 4, 13, and 26 weeks and pulled until rupture occurred. 
Table 13: ECC mix proportions (by weight) for micromechanics-based durability study. 









0.42 1.0 0.11 1.2 0.049 0.048 2.0 
Note: FA = fly ash Type II; S = sand; C = cement Type I 




Strength,   
Apparent Fiber 




















Table 15 summarizes the findings from this study.  The results of the fiber pullout test 
showed that fiber/matrix properties changed with time.  After 26 weeks of accelerated 
aging, the frictional bond remained unchanged while the chemical bond incresed by 40% 
from 0.36 psi (2.5 N/m2) to 0.5 psi (3.5 N/m2).  The apparent fiber strength also dropped 
from 145 ksi (1,000 MPa) to 130 ksi (900 MPa) after 26 weeks.  The fiber durability test 
showed that the nominal strength, elastic modulus, and elongation of the PVA fibers 
remained unchanged after 26 weeks of immersion in 140°F (60°C) water.  The results of 
the tensile test showed the ultimate tensile strain capacity dropped with increased aging, 
from 4.5% to 3% after 26 weeks.  The conclusions reached were that the change in 
fiber/matrix interface properties are the dominate factors for the long-term durability of 
PVA-ECC mixes evaluated.  The ECC samples retained tensile strains of over 3% after 











• Significant factors: accelerated aging 
• The friction bond experiences a small increase over time, from 0.29 ksi (2 
MPa) to 0.32 ksi (2.2 MPa) after 26 weeks of accelerated aging. 
• The chemical bond significantly increases over time from  0.36 psi (2.5 
N/m2) to 0.5 psi (3.5 N/m2) after 26 weeks of aging. 
• The apparent fiber strength decreases over time from 145 ksi (1,000 MPa) to 
130 ksi (900 MPa) after 26 weeks of aging. 
Long-term Fiber 
Properties 
• No significant factors 
• The nominal strength, elastic modulus, and elongation of the PVA fibers 




• Significant factors: accelerated aging, fiber/matrix interface properties 
• Ultimate tensile strain capacity decreases over time from 4.5% to 3% after 
26 weeks of aging. 
• Ultimte tensile strain capacity decrease is the result of the change in 
fiber/matrix properties.  This change is a primary factor for  long-term 
durability of PVA ECC. 
• Changes in fiber/matrix interface properties are dominate factor for long-
term durability of PVA-ECC mixes. 
 
2.2.8 Self-Healing of ECC Under Cyclic Wetting and Drying 
Ying-zi et al. 9 evaluated how ECC’s self-healing properties are affected by wetting 
and drying cycles.  Table 16 shows the mix proportions for the ECC mixes evaluated.  
Samples of ECC were formed and air cured for 6 months without controlling the 
humidity or temperature.  There were two different wetting and drying cycles: CR1 and 
CR2.  In CR1, the samples were submerged in water at 68°F (20°C) for 24 hours and then 
left to air dry at 70°F (21°C) for 24 hours.  In CR2, the samples were submerged in water 
at 68°F (20°C) for 24 hours, oven dried at 131°F (55°C) for 22 hours, and air dried at 70F 
(21°C) for 2 hours.  ECC samples were preloaded to different tensile strains (0.3% to 3%) 
such that the samples exhibited distributed cracking behavior.  The self-healing properties 
of the ECC were determined using ASTM C215.  The extent of self-healing was 
determined by finding the ratio of final to initial frequencies of the sample.  The final 
frequency is from the cracked sample after exposure to 10 wetting and drying cycles and 
the initial frequency is from the un-cracked sample.  The frequency is a measurement of 
how stiff the ECC material is. 
Table 17 shows the summary of findings from this study.  Test results showed the 
samples achieved between 77-90% of the initial frequency.  The amount of self-healing 
within a sample increased as the number of cracks increased.  Self-healing appears to be 
affected by high temperatures.  Samples in CR1 recovered more tensile strain capacity 





Post self-healing samples reached tensile strain capacities between 1.8% and 3.1%.  
Samples that were pre-loaded to higher strains did not recover as much tensile strength or 
tensile strain capacity as those samples pre-loaded to lower strains. 
Table 16: Mix proportions for ECC used in self-healing study. 



















Table 17: Summary of findings from self-healing of ECC study. 
Property Findings 
Self-healing • Significant factors: temperature, number of cracks 
• Higher temperatures caused the ECC to recover more tensile strength and 
recover less tensile strain. 
• Amount of self-healing increased as the number of cracks increased in the 
ECC samples.  Samples with more cracks experienced more self-healing. 





• Significant factors: temperature, pre-loaded strain 
• Ultimate tensile strength recovery increased as temperature increased.   
• Ultimate tensile strength recovery decreased as the pre-loaded strain 
increased for the ECC samples.  Samples with higher pre-loaded strains 




• Significant factors: temperature, pre-loaded strain 
• Tensile strain capacity recovery decreased as temperature increased. 
• Tensile strain capacity recovery decreased as the pre-loaded strain increased 
for the ECC samples.  Samples with higher pre-loaded strains recovered 
lower amount of tensile strain capacity. 
 
2.2.9 Water Permeability of Cracked Cementitious Composites  
In 2005, Lepech and Li 10 evaluated the water permeability of cracked ECC in a 
laboratory setting.  The focus was to determine the permeability of cracked ECC and how 
it relates to the crack widths of the ECC samples. 
Table 18 shows the mix proportions for the ECC and mortar mixes evaluated.  
Tensile plate specimens measuring 11.8×3×0.5 inch (300×75×12 mm) were constructed 
using an ECC mix and a mortar mix.  The standard mortar mix specimens were 
reinforced with various levels of wire reinforcement.  Table 19 shows the specimen 
characteristics used in this experiment.  Tensile tests were carried out at 28 days where 
the samples were subjected to a uniaxial deformation of 0.11 inch (2.7 mm), which 
corresponds to a strain of 1.5% in the ECC samples.  At 1.5%, the crack widths have 





of cracks in the ECC samples.  The permeability for the cracked and un-cracked samples 
was determined using both a falling head and a constant head setup.   
Table 18: Mix proportions for ECC and mortar mixes evaluated in water permeability 
study. 




ECC 1.0 0.8 1.2 0.53 0.03 2 
Mortar 1.0 2.5 - 0.35 - - 
 
Table 19: Specimen characteristics evaluated in water permeability study. 
Specimen Series Reinforcement Ratio Crack Width (mil) Crack Spacing 
(inch) 
R/M-1 0.009 30-100 2 
R/M-2 0.019 8-20 0.4-1.2 
R/M-3 0.028 5-8 0.2-0.6 
ECC 0.000 1.5-3 0.08-0.2 
R/M-# means reinforced mortar specimens with # levels of reinforcement. 
Table 20 shows the summary of findings from this study.  The water permeability 
coefficient for cracked ECC, 3.28×10-10 ft/s (1×10-10 m/s), was at least two orders of 
magnitude smaller than the water permeability coefficients for cracked mortar, 3.28×10-8 
ft/s (1×10-8 m/s).  The performance of the cracked ECC showed the water permeability 
coefficient is on the same order for that of un-cracked mortar.  Current US concrete codes 
allow a maximum crack width of 12 mils (300 µm), which gives a permeability roughly 
five times bigger than the permeability of cracked ECC.  The low permeability of ECC is 
anticipated to lead to more durable and longer lasting structures. 
Table 20: Summary of findings from water permeability study. 
Property Findings 
Permeability • Significant factors: crack width 
• Permeability of cracked ECC 100 times smaller than of  Reinforced Mortar 
samples. 
• Permeability of cracked ECC on “per crack” basis is on the same order of 
magnitude as uncracked Mortar.   
• Permeability of ECC is not significantly increased when subjected to high 







2.2.10 Long-term Durability Performance of ECC 
Lepech and Li 11 evaluated the long-term durability of ECC in terms of freeze-thaw 
exposure, accelerated weather exposure, fatigue loading, skid resistance, and long-term 
tensile strain capacity.  The objective was to determine how ECC can resist the effects of 
the environment over a period of multiple years.  Table 21 shows a summary of the 
findings from this study.   
Freeze-thaw resistance was determined using ASTM C666A.  Both ECC and concrete 
samples were cast and tested in a side by side comparison.  The samples were exposed to 
300 cycles.  The concrete samples did not survive the test; the ECC samples not only 
survived the test but also had a tensile strain capacity of 3%.   
The accelerated weather exposure was determined by placing samples that were cured 
for 28 days into hot water for 26 weeks.  A single fiber pullout sample showed the 
interface properties between the fiber and matrix significantly changed.  This caused the 
ECC samples to lose tensile strain capacity, dropping from 4.5% to 2.75% after 26 weeks 
of soaking.  This was characterized as “great performance” because 26 weeks of soaking 
is equivalent to 70 years of hot and humid exposure.  
Fatigue flexural loading was conducted on a concrete/concrete and ECC/concrete 
overlay test specimens.  The results of the test show that the ECC/concrete overlay had 
twice the load capacity of the concrete/concrete overlay system.  The ECC/concrete 
overlay had a fatigue life several orders of magnitude higher and also had deformations 
that were significantly higher than the concrete/concrete overlay.  It was believed that an 
ECC overlay will eliminate reflective cracking from the subsequent layer. 
Skid resistance was determined with the help of Michigan Department of 
Transportation (MDOT).  Four ECC road surface samples were cast, each one having a 
different type of surface treatments: (1) tined grooves with a rake, (2) ECC cured under 
burlap, (3) textured with Astroturf® (a common practice in Michigan to rough up the 
surface), and (4) coarse sand placed on the surface.  Using MDOT Test Method 111, the 
Aggregate Wear Index (AWI) was determined for all four ECC road samples.  The 
samples were subjected to 4 million tire passes, and the AWI was determined on these 
samples under wet conditions.  The AWI for the four samples ranged from 360 lbs (1.6 
kN) to 517 lbs (2.3 kN), well above the 270 lbs (1.2 kN) minimum acceptable value for 
truck-line roads in Michigan.  The recommended surface treatment is to use transverse 
tined grooves, which achieved an AWI of 517 lbs (2.3 kN).  
Long-term tensile strain capacity was determined by a series of tensile tests 
performed on various aged ECC samples.  The tensile strain capacity of the ECC was 5% 
at 10 days.  However, this value dropped significantly to only 3% after 180 days.  While 
180 days was the oldest sample tests, the tensile strain capacity is expected to remain at 






Table 21: Summary of Findings from long-term durability study. 
Property   Findings 
Freeze-thaw 
Resistance 
• Concrete samples did not survive 300 freeze-thaw cycles. 
• ECC samples reached tensile strain of 3% after 300 freeze-thaw cycles. 
Accelerated 
Weathering 
• Tensile strain of ECC dropped from 4.5% to 2.75% after 26 weeks of 
accelerated weathering, which corresponds to 70 years of exposure. 
• Loss of tensile strain capacity attributed to the change in fiber/matrix 
interface properties over time. 
Flexural 
Fatigue 
• ECC overlay displayed supreme performance over concrete overlay. 
• ECC overlay had double the loading capaicty, significantly higher 
deformations, and a fatigue life several orders of magniture higher than the 
concrete overlay tested. 
• ECC overlay believed to experience no reflective cracking. 
Skid Resistance • Significant factors: surface finishing 
• Skid Resistance tests show all four finishing methods tested gave ECC 
roadway samples suffecient AWI skid resistance. 
• Recommended finishing method is transeverse tined grooves, which gave an 
AWI value of 2.3 from testing. 
Long-term 
Tensile Strain 
• Tensile strain capacity of ECC decreased as age of sample increased. 
• ECC mix exhibiting 5% strain at 10 days had a 3% strain at 180 days. 
• Tensile strain capacity is expected to remain at 3% after 180 days. 
 
2.2.11 High Early Strength ECC 
In 2006, Wang and Li 11 investigated the durability of high early strength gain ECC.  
The objective was to see how artificial flaws (beads) can be used to promote the multiple 
cracking behavior that makes ECC have a large tensile strain capacity.  
Five different mixes were tested: two use Type 3 cement (HP08 and HP09), two used 
a “rapid-hardening blended Portland cement” (SC01 and SC19), and one used a Type 1 
cement (OP08).  The samples were mixed in a Hobart-type mixer with 2.6 gallon (10 L) 
capacity.  The mixes with the blended Portland cement do not need an accelerator 
admixture as it had little effect.  The mixes with Type 3 cement had the highest early 
strength when a combination of polycarboxylate-based high-range water-reducing 
admixture and calcium nitrate-based accelerator was used in the absence of calcium 
chloride.  Table 22 shows the mix proportions for the ECC mixes evaluated.  Tests 
carried out on the samples included: compressive strength, tensile strength, flexural 












































































163 fl oz/yd3 
(4.8 L/m3) 
[GL3200] 




















153 fl oz/yd3 
(4.5 L/m3) 
[GL3200] 




















388 fl oz/yd3 
(11.5 L/m3) 
[ML330] 
1 PT20: accelerator and high-range water-reducing admixture containing ammonium 
calcium nitrate and napthalene sulfonate salt; ML330: melamine formaldehyde sulfonate-
based high-range water-reducing admixture; GL3200: polycarboxylate-based high-range 
water-reducing admixture; NC534: calcium nitrate-based accelerator. 
2 Rapid-hardening cement (Type S-30 Korea). 
3 Type III cement. 
4 Type I cement. 
5 Polypropylene beads used as artificial flaws. 
6 Polystyrene beads used as artificial flaws. 
 
The mixes with Type 3 cement and the blended cement exhibited a compressive 
strength of 3.6 ksi (25 MPa) after 4 hours, while the Type 1 cement took over 20 hours to 
reach the same strength.  The Type 3 cement did not have much compressive strength in 
the first 2 hours after placement even when an accelerator was added.  The blended 
cement sets within 1 hour and can reach strengths of 2.9 ksi (20 MPa) within 2 hours 
after placement.   
The tensile strain capacity of mix SC01 was 4% at 3 hours and 7% at 7 hours.  
However, these values dropped to less than 1% after 24 and 72 hours.  This loss of tensile 
strain capacity is due to the matrix toughness increasing over time (i.e. the concrete keeps 
curing).  This causes the interface properties between the matrix and the fibers to change 





What makes strain-hardening possbile in ECC is the ratio of complimentary energy, 
Jb’, to the crack tip toughness, Jtip.  Without having this ratio above 1, strain-hardening 
will not take place in the ECC.  Figure 4 shows these two areas on a stress-strain curve.  
In this study, this ratio for mix SC01 is 12 after 10 hours, but drops considerably to just 1 
after 3 days and remains unchanged after 7 days.  This mix did not exhibit multiple 
cracking behavior, but other mixes in the experiment did. 
 
Figure 4: Typical stress-strain curve for ECC: hatched area represents complimentary 
energy (Jb’) and shaded area represents crack tip toughness (Jtip). 11  
Mixes SC19, HP08 and HP09 all showed signs of distributed cracking and strain-
hardening in the tensile test.  SC19 showed a tensile strain capacity of 2.5% after 21 days.  
This mix showed multiple cracking behavior with the average crack spacing of 0.12-0.16 
inches (3-4 mm).  HP08 also showed signs of multiple cracking, but it’s tensile strain 
capacity was only 1% after 28 days.  Mix HP09 showed the best results.  At 5 hours, it 
had a strain capacity of 4% and a strength of 435 psi (3 MPa).  At 50 days, it had a strain 
capcity of 3.5% and a strength of 725 psi (5 MPa).  This mix had multiple cracking with 
an average crack size of 26 mils (65 µm) at an average spacing of 0.1 inch (2.5 mm).  
The results showed that flaw size tailoring is an effective way to improve ductility, but is 
not a replacement for interface tailoring between the fibers and matrix within the mix.  
Mix OP08 showed a tensile strain capacity of 3% at both 24 hours and 90 days.   
For the flexural testing, the strength increased for mixes SC19, HP09, and OP08.  The 
vertical beam displacement for all mixes decreased over time.  At 24 hours the vertical 
beam displacement was about 0.6 inches (15 mm) for all mixes with a bending stress of 
1.45 ksi (10 MPa).  These values changed to 0.4 (10 mm) displacement and a stress 






In summary, the rapid-hardening cement is required for high priority applications as it 
reaches a strength of 3 ksi (21 MPa) within 3 hours.  It also will exhibit a tensile strain 
capacity of 2% in the long-term.  An ECC with type 3 cement with a HRWR and 
accelerator admixures can reach stress of 3 ksi (21 MPa) within 4 hours and will have a 
tensile strain capacity of 3.5% after 50 days.  Another observation was the interface 
properties between the matrix and fibers change over time, expeically early on.  These 
properties stabilized after 14 days.  Lastly, the artificial flaws placed in the mixes were 
necessary to promote multiple cracking behavior in ECCs with high early strengths.  The 
size of these artificial flaws can be selected so the ECC mix will have a large tensile 
strain capacity, up to 4%. 





• Significant Factors: cement type 
• Rapid hardening cement is desired to achieve high early strengths of 3 ksi 
(21 MPa) within 3 hours of placement. 
Tensile Strain 
Capacity 
• Significant Factors: cement type, artificial flaws, time 
• Type I cement had the highest 28 day tensile strain capacity of 3%. Type 
III had tensile strain of 2% and Rapid hardening had strain of 1% (without 
flaws added to mix) 
• Mixes with articifial flaws saw an increase in 28 day tensile strain capacity 
by a factor of 2 (1% to 3% for Rapid hardening and 2% to 4% for Type 
III) 
• Tensile strain decreases as time increases.  Adding artificial flaws 




• Significant Factors: cement type, time 
• Rapid hardening cement had smallest displacement 0.28 inches (7 mm) 
while Type I and Type III cements had displacement above 0.4 inches (10 
mm) after 28 days. 
• All three cement types had ultimate flexural strength of 2.2 ksi (15 MPa). 
• Vertical displacement decreases as time increases for all three cement 
types.  All cement types have initial displacement of 0.4 inches (10 mm).   
• Flexural strength decreases as time increases.  Rapid hardening cement 
had smallest initial flexural strength of 1ksi (7 MPa) while Type I and 
Type III had flexural strength over 1.45 ksi (10 MPa). 
Multiple Cracking 
Behavior 
• Significant Factors: artificial flaws 
• Artificial flaws are needed for early strength ECC mixes.  Without these 
flaws, long-term tensile strain capacity is less than 2% and ECC mixes do 
not undergo much strain-hardening before failure occurs. 
 
2.2.12 De-icing Salt Scaling Resistance of Mechanically Loaded ECC 
In 2007, Sahmaran and Li 13 evaluated the durability of non-air entrained ECC under 





laboratory setting.  The focus was to determine how an ECC sample will deteriorate 
when subjected to these conditions, which resemble those of a bridge deck. 
There were two ECC mixes and two mortar mixes evaluated.  Table 24 shows the mix 
proportions evaluated while Table 25 shows the properties of the PVA fibers evaluated.  
ASTM C672 was used to assess the scaling resistance of concrete surfaces.  The ECC 
was formed into test specimens measuring 14×2×3 inches (350x50x75 mm) and were 
subjected to a four point bending load to various deformations up to 0.08 inch (2.0 mm).  
The specimens then underwent 50 freeze-thaw cycles of 18 hours at -64±6°F followed by 
6 hours at 73±6°F.  For the tensile test, cylindrical samples measuring 3×6 inches were 
pre-cracked to 1.0% and 2.0% tensile strain levels.  Samples were then subjected to 50 
freeze-thaw cycles as previously described.   
Table 26 shows a summary of the findings from this study.  The mass of surface 
scaled-off particles for the mortar samples was above 0.4 lb/ft2 (2 kg/m2) whereas all but 
one of the ECC samples were below the 0.2 lb/ft2 (1 kg/m2) limit.  In the tension test, pre-
crack ECC-1 samples had a tensile strain of 3.2% and an ultimate tensile strength of 600 
psi (4.1 MPa) after 50 freeze-thaw cycles.  Pre-cracked ECC-2 samples had a tensile 
strain of 3.4% and an ultimate tensile strength of 550 psi (3.8 MPa) after 50 freeze-thaw 
cycles. 
Table 24: Mix proportions for ECC and mortar mixes evaluated in de-icing salt scaling 
study. 
 ECC-1 ECC-2 Mortar-1 Mortar-2 
FA/C 1.2 2.2 - 0.4 
W/CM1 0.27 0.27 0.35 0.35 
Water (W), lb/cy (kg/m3) 557 (331) 550 (327) 362 (215) 362 (215) 
Cement, Type I (C), lb/cy (kg/m3) 960 (570) 650 (386) 1035 (614) 725 (430) 
Fly Ash, Class F (FA), lb/cy (kg/m3) 1152 (684) 1427 (847) - 311 (185) 





PVA Fiber, lb/cy (kg/m3) 43.8 (26) 43.8 (26) - - 
High Fange Water Reducer, lb/cy 
(kg/m3) 
8.25 (4.9) 6.2 (3.7) - - 
Air Content, % (No PVA Fibers) 3.8 4.0 2.9 3.1 
Air Content, % (With PVA Fibers) 8.7 9.3 - - 
































Table 26: Summary of findings from de-icing salt scaling resistance study. 
Property Findings 
Mass of  
Scaled-off 
Particles 
• Significant factors: beam deflection 
• The mass of scaled-off particles increased as the pre-loaded ECC beam 
deflection was increased. ECC-2 beam with 0.08 inch (2.0 mm) deflection 
was the only ECC sample to have more than 0.2 lb/ft2 (1 kg/m2) mass of 
scaled-off particles. 
• Mass of scaled-off particles increased as fly ash content increased. 
Tensile Strain 
Capacity 
• Significant factors: fly ash content, number of freeze-thaw cycles 
• Tensile strain capacity increased as fly ash content increased. 
• Tensile strain capacity increased as the number of freeze-thaw cylces 
increased for the pre-cracked ECC samples. 
Ultimate 
Tensile Strength 
• Significant factors: fly ash content, number of freeze-thaw cycles 
• Tensile srenght increased as fly ash content increased. 
• Tensile strength increased as the number of freeze-thaw cylces increased for 
the pre-cracked ECC samples. 
• Pre-cracked ECC samples’ tensile strengths after 50 freeze-thaw cycles are 
6% lower than uncracked ECC samples air cured for 28 days. 
Self-healing • ECC specimens underwent self-healing in the presence of the sodium 
chloride solution.  Unhydrated cement is exposed to solution and hydrates. 
Air Entrainment • ECC samples had significant resistance to freeze-thaw without the addition 
of air-entraiment into the samples. 
 
2.2.13 ECC with High-Volume Fly Ash 
In 2007, Wang and Li 14 investigated the properties of ECC with a high amount of fly 
ash in laboratory samples.  The objective was to create an ECC mix that was 
economically viable while still retaining the desired tensile strength and tensile strain 
capacity typically exhibited by standard ECC mixes. 
Twelve different ECC mixes were prepared and tested (Table 27 and Table 28).  
Mixes M41 to M46 were subjected to both a single fiber pullout test, which determined 
the fiber/matrix interface properties, and a uniaxial tensile test.  Mixes ECC R0 and ECC 
G1 through ECC G4 were subjected to a direct uniaxial tension test to determine the 
tensile strength and the tensile strain capacities.  Lastly, compression tests were carried 
out on select test specimens to determine the rate of strength gain over time.  Specimens 
M41 to M46 and ECC G0 were tested at an age of 3 months; all other specimens were 



















M41 1.0 0.8 0.1 0.27 0.24 0.03 2.0 
M42 1.0 0.8 0.2 0.29 0.24 0.03 2.0 
M43 1.0 0.8 0.8 0.43 0.24 0.03 2.0 
M44 1.0 0.8 1.0 0.48 0.24 0.03 2.0 
M45 1.0 0.8 1.2 0.53 0.24 0.03 2.0 
M46 1.0 0.8 1.5 0.60 0.24 0.03 2.0 
1 Type I cement 
2 Fly ash Class F 
3 Water-to-cementitious material (fly ash + cement) ratio 
4 Melamine formaldehyde sulfonate-based high-range water-reducing admixture 
 
Table 29 summarizes the finding from this study.  Results of the fiber pullout show 
that the frictional stress and chemical bond between the fibers and matrix dropped with 
an increase in fly ash content.  The slip-hardening coefficient remained unchanged with 
an increase in fly ash.  This caused the matrix fracture energy to drop with an increase in 
fly ash; a low fracture energy value is desired for improved strain-hardening potential in 
the ECC.  Samples of mixes M41 to M45 showed that an increase in fly ash caused a 
decrease in the first crack strength from 670 psi (4.64 MPa) to 535 psi (3.69 MPa); 
ultimate tensile strength dropped from 794 psi (5.48 MPa) to 650 psi (4.47 MPa); the 
tensile strain capacity greatly increased with an increase in fly ash, from 0.37% to 2.7%.  
For samples ECC R0 through ECC G4, the most desirable mix was ECC G3 as it had the 
highest first crack strength of 570 psi (3.92 MPa), the second highest ultimate tensile 
strength of 700 psi (4.77 MPa), and had the second highest tensile strain capacity of 
4.29% out these six mixes.  The compression test showed that mixes ECC R0 through 
ECC G4 all gained compressive strength at a much lower rate than mix M45.  Mix M45 
had a compressive strength of 8 ksi (55 MPa) at 7 days while the other six mixes had 
strengths of only 3.3 ksi (23 MPa) at 7 days.  At 100 days, mix M45 had a compressive 
strength of 10.8 ksi (75 MPa) while mix ECC G3 had a strength of 7.25 ksi (50 MPa). 








Table 28: Mix proportions for mixes ECC R0 through ECC G4. 
Mix 
ID 
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321 lb/cy (191 
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321 lb/cy (191 
kg/m3) (Fine fly 
ash)  
421 lb/cy  (250 
kg/m3) (Class F) 






































1 Type I cement 
2 Viscosity agent: hydroxypropyl methylcellulose 










• Significant Factors: fly ash content, fly ash type 
• First crack strength decreased as the fly ash content increased.  Highest 
strengths were achieved at a fly ash/cement ratio of 0.1. 
• Bottom ash had lowest strength while combination of bottom, fine fly ash, 
and Class F fly ash had highest strength of 570 psi (3.92 MPa). 
Ultimate Tensile 
Strength 
• Significant Factors: fly ash content, fly ash type 
• Ultimate tensile strength decreased as the fly ash content increased.  
Highest strengths were achieved at a fly ash/cement ratio of 0.2.  
• Bottom ash had lowest strength while combination of bottom, fine fly ash, 
and Class F fly ash had highest strength of 700 psi (4.77 MPa). 
Ultimate Tensile 
Strain Capacity 
• Significant Factors: fly ash content, fly ash type 
• Ultimate tensile strain capacity increased as the fly ash content increased.  
Highest tensile strain capacities were achieved at fly an ash/cement ratio of 
1.5. 
• Bottom ash had lowest tensile strain capacity while combination of 
bottom, fine fly ash, and Class F fly ash had highest strain of 4.29%. 
Compressive 
Strength 
• Significant Factors: fly ash content 
• Compressive strengths decreased with an increase in fly ash content.  
Mixes ECC G1 through ECC G4 had 28 day compressive strengths of 5 
ksi (35 MPa). 
 
Table 30: Tensile test results for mixes ECC R0 to ECC G4. 









ECC R0 - 423 psi (2.9 MPa) 640 psi (4.4 MPa) 4.88±0.59 
ECC G0 
1179 lb/cy (700 kg/m3) (Bottom 
ash) 
478 psi (3.3 MPa) 600 psi (4.1 MPa) 3.41±0.69 
ECC G1 
857 lb/cy  (509 kg/m3) (Class F) 
321 lb/cy (191 kg/m3) (Fine fly 
ash) 
550 psi (3.8 MPa) 613 psi (4.2 MPa) 1.54±1.33 
ECC G2 1181 lb/cy (701 kg/m3) (Class F) 536 psi (3.7 MPa) 693 psi (4.8 MPa) 3.90±0.61 
ECC G3 
321 lb/cy (191 kg/m3) (Fine fly 
ash)  
421 lb/cy  (250 kg/m3) (Class F) 
421 lb/cy  (250 kg/m3) (Bottom 
ash) 
570 psi (3.9 MPa) 691 psi (4.8 MPa) 4.29±0.57 
ECC G4 
1181 lb/cy (701 kg/m3) (Bottom 
ash) 
450 psi (3.1  MPa) 630 psi (4.4 MPa) 3.95±0.17 
 
2.2.14 ECC with Characteristic of Low Drying Shrinkage 
In 2009, Zhang et al. 15 examined the drying shrinkage strain of conventional laboratory 





performed well when subjected to a uniaxial tensile test.  In this study, there were three 
areas of focus: 
1. How mix parameters, such as water-to-cement ratio and the type of cement, 
influence the drying shrinkage strain; 
2. How these same parameters influenced the tensile behavior of the ECC mixes; 
3. How the drying shrinkage influenced early age cracking of the ECC. 
 
A total of ten ECC mixes were prepared: nine of them used a composite cement 
specifically designed to reduce the drying shrinkage strain while the tenth used an 
ordinary Portland cement.  Of the nine mixes, there were three different water-to-cement 
(W/C) ratios, and for each W/C ratio there were three different sand-to-cement (S/C) 
ratios.  Table 31 shows the chemical composition of the composite cement used.  Table 
32 shows the mix proportions for the ECC mixes evaluated.  A drying shrinkage test was 
performed, where the deformation of the samples was measured for 28 days after de-
molding.  A uniaxial test was also performed at 3, 7, and 28 days.  This test determined 
the samples’ first crack stress and strain as well as the ultimate stress and strain of the 
ECC.  Lastly, a restricted plate test was performed where a square sample was fixed 
along its four sides and left to dry for 5 days, after which the drying shrinkage crack 
pattern was observed.    
Table 33 summarizes the findings from this study.  Results of the drying shrinkage 
test showed that the maximum strain for the low shrinkage mixes was 242×10-6, while the 
strain for the traditional ECC was almost 1,200×10-6.  For the tensile test, the low 
shrinkage ECC mixes had an average first crack stress of 319 psi (2.2 MPa) and a strain 
of 220×10-6.   The traditional ECC had a first crack stress of 381 psi (2.63 MPa) and a 
strain of 180×10-6.  The ultimate stress and strain at 28 days for the low shrinkage ECCs 
were about 580 psi (4 MPa) and 1.5%, respectively, compared with a stress of 691 psi 
(4.77 MPa) and a strain of 0.8% for the traditional ECC.  For the restricted plate test, the 
traditional ECC had visible cracks while the low shrinkage ECC did not exhibit any such 
cracks.   
Table 31: Chemical composition (%) of composite cement used in the low shrinkage 
ECC mixes. 
CaO SiO2 AL2O3 FE2O3 MgO K2O NA2O TiO2 LOI 






















1 1.0 -- -- 0.45 0.8 0.012 1.7 
2 1.0 -- -- 0.45 1.1 0.018 1.7 
3 1.0 -- -- 0.45 1.4 0.022 1.7 
4 1.0 -- -- 0.50 0.8 0.011 1.7 
5 1.0 -- -- 0.50 1.1 0.013 1.7 
6 1.0 -- -- 0.50 1.4 0.020 1.7 
7 1.0 -- -- 0.55 0.8 0.010 1.7 
8 1.0 -- -- 0.55 1.1 0.011 1.7 
9 1.0 -- -- 0.55 1.4 0.016 1.7 
10 -- 1.0 0.25 0.50 0.8 -- 1.7 
 
Table 33: Summary of Findings from the low drying shrinkage study. 
Property Findings 
Drying Shrinkage • Significant factors: cement type, W/C ratio, S/C ratio 
• Low shrinkage ECC had maximum dry shrinkage strain of 242*10-6.  
Tradition ECC had dry shrinkage strain of 1200*10-6. 
• Higher W/C ratio will cause higher dry shrinkage strain. 
• Higher S/C ratio will cause lower dry shrinkage strain. 
Tensile Strength • Significant factors: S/C ratio 
• W/C ratio has little effect on first crack and ultimate tensile strengths. 
• Higher S/C ratio caused higher first crack strength at same W/C ratio 
regardless of time. 
• Lower S/C ratio caused higher ultimate strength at same W/C ratio after 
28 days. 
• Mix 7 had tensile strength of 628 psi (4.3 MPa). 
Tensile Strain 
Capacity 
• Significant factors: W/C ratio, S/C ratio 
• Higher W/C ratio will cause higher first crack strain ultimate strain 
regardless of time. 
• Higher S/C ratio will cause lower first crack and ultimate strain at same 
W/C ratio regardless of time. 
• Mix 7 had tensile strain of 2.6% at 28 days. 
Drying Shrinkage 
Crack Pattern 
• Significant factors: cement type 
• The ECC with Type 1 cement had visible dry shrinkage cracks. 
• Composite cement did not show any visible cracking. 
 
2.2.15 Influence of Curing Temperature on Flexural Performance of ECC 
Zhu and Yang 16 evaluated how different curing temperatures and curing times affected 
the flexural performance of ECC.  Table 34 shows the mix proportions for the ECC mix 
evaluated.  ECC specimens were cured at four temperatures (68°F/20°C, 104°F/40°C, 





in the lab room at 68°F (20°C) with RH of 45%.  The samples measuring 12.6×1.6×0.5 
inch (320×40×12 mm) were then tested using four-point loading to find flexural 
performance after curing for 3, 7, 28, and 90 days.  
Table 35 summarizes the results from the study.  The first crack load increased as 
temperatures increased after 3 and 7 days of curing, from 15 lbs (73 N) to 40 lbs (180 N) 
and 36 lbs (160 N) to 45 lbs (201 N), respectively.  First crack load increased as the 
curing time increased at 68°F (20°C) and 104°F (40°C), but did not change as the curing 
time increased at 140°F and 176°F.   The deflection decreased as the temperature 
increased for all curing times tested, from 0.71 inches (18 mm) at 68°F (20°C) to only 0.4 
inches (10.5 mm) at 176°F (80°C).  The maximum load increased as temperature 
increased regardless of curing time.  Maximum load at 68°F (20°C) was 56 lbs (248 N) 
while the maximum load at 176°F (80C) was 76 lbs (340 N).  There was no significant 
difference observed between samples cured at 140°F (60°C) and 176°F in this study. 
Table 34: Mix proportions for ECC mix evaluated in influence of curing temperature 
study. 
Cement  Aggregate  Fly Ash  Water  





780 lb/cy  
(462 kg/m3) 
1500 lb/cy 




23 lb/cy  
(13.7 kg/m3) 
43.8 lb/cy  
(26 kg/m3) 
 




• Significant factors: temperature, curing time 
• First crack strength increased as temperatures increased for all cure times. 
• First crack strength increased as curing times increased for 68°F (20°C) and 




• Significant factors: temperature, curing time 
• Ultimate strength increased as temperatures increased for all curing times. 




• Significant factors: temperature, curing time 
• Vertical deflection decreased as temperatures increased for all curing times. 
• Vertical deflection remain relatively constant regardless of curing time for all 
four curing temperatures.  Max deflection occurred at 7 days. 
 
2.2.16 Fatigue Analysis of ECC-Steel Composite Deck under Wheel Trucking Load 
In 2011, Kakuma et al. 17 evaluated the fatigue properties of an ECC and steel 





composite deck was subjected to a 33.7 kip (150 kN) load for 1.2 million repetitions.  
The focus was to determine the service life for the ECC deck.   
The composite deck was 9.5 ft × 8 ft (2.9 m × 2.44 m).  There were three steel U-ribs 
used to simulate the bridge girders.  No dimensions were given for the depth of the ECC 
deck, and no mix proportions were given in this experiment.  There were seven loading 
points along the deck; each one was loaded and unloaded in numerical order to simulate a 
vehicle wheel load in motion across the deck.   
The results show the maximum crack width in the ECC layer was only 1.6 mils (0.04 
mm), which remained constant over the duration of the 1.2 million load repetitions.  
Using JSSC (Japan Society of Steel Construction) Code, it was estimated that fatigue 
cracks will appear around 10,600,000 load cycles, which corresponds to 2,400 
vehicles/day/lane over a 400 year period.  Therefore, 1,200,000 cycles would represent a 
45 year design life.  This was determined using Equations 3 and 4 below. 
∆ = ∑ ∆!"#$"∑ $"
#
            (Eq. 3) 
where ∆ = equivalent stress range (N/mm2), ∆% = stress range measured in one cycle 
(N/mm2), and &% = number of cycles with ∆% 
  '(% = )*++,-% ∗ .$ ∗ 365 ∗ 2         (Eq. 4) 
where '(% = number of repetitions, )*++,-% = heavy traffic volume (vehicles/day/lane), 
.$ = coefficient (0.03), and Y = service period (years) 
Table 36 shows the summary of findings from this experiment.  ECC is a desirable 
material to use as a bridge deck.  The results showed the ECC deck experienced low 
crack widths, the largest crack only 1.5 mils (0.04 mm) wide.  High fatigue resistance is 
expected based on the performance of the deck in this study.   




• Fatigue cracks are expected around 10.6 million load repititions. 
• No fatigue cracks were observed in the ECC overlay during the 1.2 million 
load repititions. 
• ECC is expected to have 45 year design life with an ADTT of 2400 
veh/day/lane. 
 






Akkari 2 evaluated the use of an ECC as a thin-bonded overlay system in Minnesota.  
The objective was to determine if an ECC mix containing coarse aggregate would exhibit 
the same mechanical properties as typical ECC mixes that do not contain any coarse 
aggregate.  Tables 37 and 38 show the mix proportions and fiber information for the 
ECC.  The substantial amount of coarse aggregate in this mix design is very unusual for 
an ECC mix.  In this experiment, the amount of fiber added was varied between 0 and 25 
lbs/cy (15 kg/m3).  Properties of the fresh ECC were measured: air content, density, and 
slump.  A wide range of tests were conducted on the ECC samples: flexural strength 
(ASTM C78), compressive strength (ASTM C78), freeze thaw durability (ASTM C666), 
bond strength (ASTM C886), ductile behavior, and the finishing characteristics.  The 
ductile behavior was determined using 1.5 inch (38 mm) thick ECC beam subjected to a 
four point bending load.  LVDT’s were used to measure the vertical displacement of the 
beams.  Finishing characteristics were found by placing a test slab on top of existing 
pavement and finished using a broom drag.  Any surface cracking or scaling that 
occurred was recorded. 





































































































Table 38: Properties of the fibers used in the ECC mix for a thin-bonded pavement 
overlay. 
Property  REC15 RF4000 
Material Polyvinyl Alcohol Polyvinyl Alcohol 
Length 1/3” (8mm) 1.18” (30mm) 
Tensile Strength 203,000 psi (1,400 MPa) 130,500 psi (900 MPa) 
Specific Gravity 1.3 1.3 






The fresh properties of the ECC, air content and slump, peaked at a fiber content of 
18 lbs/cy (10.5 kg/m3), with values of 9.7% and 2 inches (50 mm) respectively.  The 
density was also lowest at this fiber content at a value of 134.6 pcf (80 kg/m3).  Flexural 
strengths were highest at a fiber content of 16 lbs/cy, reaching a strength of over 1 ksi 
(6.9 MPa) at 56 days.  Compressive strengths were also highest at this fiber content, 
reaching a strength of 7 ksi (48.2 MPa) at 28 days.  The freeze-thaw durability factor was 
89.3 for a fiber content of 16 lbs/cy (9.5 kg/m3).  The results showed that the addition of 
fibers may slightly reduce the durability for the ECC.  The concrete to ECC bond strength 
was found to be 1.2 ksi (8.3 MPa), which is adequate for an overlay.  The ductile 
behavior found from the thin beam test showed that a displacement of 0.15 inches can be 
achieved with a fiber content of 22 lbs/cy (13 kg/m3) at 21 days.  The displacement 
dropped with lower fiber contents.  The slab finishing showed that the ECC can be easily 
finished using a broom drag without any additional steps or effort. 
Table 39 shows a summary of finding from this experiment.  Statistical analysis was 
carried out on the results of the experiment.  It was found there was a large deviation in 
the data collected.  This meant that a small flexural strength could be confidently 
achieved with the addition of fibers.  Also, only one of the four mixes with fibers 
experience a significant increase in compressive and flexural strength.  The conclusion 
reached was that the ECC mix used did not experience high enough increases in 
compressive and flexural strengths for use as an overlay.  The ECC mix was not found to 






Table 39: Summary of Findings from modified ECC for thin-bonded pavement overlay. 
Property Findings 
Flexural Strength • Significant Factors: fiber content, age 
• Flexural strength decreased as the fiber content increased.  Highest 
strengths were achieved at a fiber content of 16 lbs/cy (9.5 kg/m3) with 
value of 1 ksi (6.9 MPa) at 5 days. 
• Flexural strength increases as age of sample increased.  
Compressive 
Strength 
• Significant Factors: fiber content, age 
• Compressive strength decreased as the fiber content increased.  Highest 
strengths were achieved at a fiber content of 16 lbs/cy (09.5 kg/m3) with 
value of 7 ksi (48.2 MPa) at 28 days.  
• Compressive strength increases as age of sample increased. 
Air Content • Significant Factors: fiber content 
• Air content increases, then decreases as fiber content increases.  Highest 
air content was achieved at fiber content of 18 lbs/cy (10.5 kg/m3) with 
value of 9.7%. 
Slump • Significant Factors: fiber content 
• Slump increases, then decreases as fiber content increases.  Highest 
slump was achieved at fiber content of 18 lbs/cy (10.5 kg/m3) with value 
of 2 inches (50 mm). 
Freeze-thaw 
Resistance 
• Significant Factors: fiber content 
• Freeze thaw resistance decreases slightly as fiber content increases.   
• The freeze thaw durability factor was 89.3 for a fiber content of 16 lbs/cy. 
Finishing 
Characteristics 
• Significant Factors: none 
• Drag broom can be used to sufficiently finish surface of ECC. 
Ductile Behavior 
(Beam Deflection) 
• Significant Factors: fiber content 
• Beam deflection increases as fiber content increases.  Highest beam 
deflection of 6 mils (0.15 mm) was achieved at fiber content of 22 lbs/yd 
(13 kg/m3). 
Bond Strength • Significant Factors: none 





2.3 Production of ECC 
2.3.1 Introduction 
Chapter 3 discusses the production of small-scale and large-scale batches of ECC.  
Different ways of measuring the workability of ECC are presented.  Multiple ECC mixes 
and batching sequences were evaluated to develop consistent and durable ECC in the 
field using commercially available concrete mixing trucks.  Quality control in the field is 
important, and research shows that the rheological properties of fresh ECC can be 
measured and used to determine if the ECC will exhibit sufficient hardened mechanical 
properties.  
2.3.2 Design of ECC for Processing and Workability Requirements 
In 2003, Fischer et al. 6 evaluated how to design an ECC mix that can be mixed in 
conventional gravity-based drum mixers.  Part of the research project focused on 
measuring the workability of ECC and if it can be mixed in gravity-based drum mixers. 
Table 40 shows the mix proportions for the ECC mixes evaluated in this experiment.  
The mixing procedure is described in Table 41.  Sand, fly ash, and 1/3 of the cement were 
dry mixed for one minute, followed by 80% of the water.  Next, the remaining water, 
cement, and superplasticizer were added.  Lastly, the PVA fibers were added.  Samples 
were mixed in a planetary mixer first, then in a drum mixer.   
Table 40: Mix proportions for the five high workability and the traditional (M-ref) ECC 
mixes 
 M-ref M-1 M-1 M-3 M-4 M-5 
Cement 1.00 1.00 1.00 1.00 1.00 1.00 
Sand 0.60 0.80 0.80 0.80 0.80 0.80 
Fly Ash  (F) 0.00 0.50 0.50 0.50 0.50 0.50 
Fly Ash (C) 0.15 0.30 0.30 0.30 0.30 0.30 
       
W/C 0.45 0.36 0.37 0.38 0.40 0.42 
W/CM 0.450 0.195 0.202 0.207 0.220 0.230 
W/Solids 0.260 0.134 0.138 0.142 0.150 0.158 
MFS1/C 0.020 0.030 0.030 0.030 0.030 0.030 
HPMC2/C 0.00150 0 0 0 0 0 
1 MFS = superplasticizer. 







Table 41: Mixing sequence used in this evaluation study. 
Mixing Procedure Mixing Time (min) 
Sand + Fly Ash + 1/3 Cement: Dry Mixed 1 
80% of Total Water added --- 
Remaining Cement, Remaining Water, 
Superplasticizer added alternately and slowly 
--- 
PVA Fibers added slowly --- 
Total Mixing Time: 8-10 
Table 42 summarizes the results from this study.   
Mix M-5 was successfully mixed in a gravity-based drum mixer.  M-5 did not 
undergo segregation during mixing and remained homogeneous throughout mixing.  M-5 
had an air content of 4.3% and a flowability index of 19.25.  M-5 was also successfully 
mixed in a 66 gallon (250 L) drum mixer on a construction site. 
Table 42: Summary of findings from processing and workability study. 
Property Findings 
Workability • Significant factors: w/c ratio 
• Higher w/c ratios caused higher workability of ECC mixes. 
• Fresh sample of mix M-5 had spread of 35 inches (90 cm) after slump cone 
was removed. 
• Fresh sample of mix M-5 had flowability index of 19.25 
Air Content • Significant factors: w/c ratio 
• Higher w/c ratios caused lower air content. 
• Mix M-5 had air content of 4.3% after being mixed in drum mixer. 
 
2.3.3 Field Demonstration of Durable Link Slabs for Jointless Bridge: Decks Based 
on Strain-Hardening Cementitious Composites 
Li and Lepech 18 described the process of designing and constructing a durable link slab 
made from ECC in Michigan.  The focus was to perform a field test of an ECC link slab 
to determine its constructability, making note of any difficulties, and documenting the 
entire process. 
Part of the report focused on the production of ECC.  ECC Mix M45 was chosen for 
evaluation of large-scale production.  Table 43 shows the mix proportions for M45.  Prior 
to mixing the ECC in a concrete mixing truck, a site visit was conducted at the ready-mix 
concrete plant.  The ready-mix plant staff helped modify sequence no. 6 from Lepech and 
Li 1.  A new mixing sequence was formed and tested.  The mixing sequence evaluated is 
shown in Table 44.   
Three large-scale mixing tests were performed: a 1, 2, and 4 yd3 (0.76, 1.53, 3.06 m3) 
ECC sample batches were mixed in a concrete mixing truck.  Every 15 minutes, fresh 





determine the mechanical properties.  In the 1 yd3 (0.76 m3) test, cement balls were 
formed.  After eight gallons of water was added to the mix, the mix became much more 
fluid.  The additional water was needed because the concrete mixing drum was 
completely dry, which robbed the ECC of mixing water.  Further tests were conducted by 
pre-wetting the concrete mixing drum prior to mixing the ECC.  The 4 yd3 (3.06 m3)test 
was performed without any problems (No additional water or admixtures were needed).  
The 2 yd3 (1.53 m3) test was performed with a modified mixing procedure.  The water 
was added first into the truck, followed by the sand.  There were no negative effects of 
this switch; this showed that ECC could be mixed as long as both the water and sand are 
the first two materials charged into the truck. 






Sand Water Superplasticizer 
Fiber1 (% 
vol.) 
M45 1.0 1.2 0.8 0.59 0.014 2.0 
1PVA fibers: 0.33” (8 mm) long, 1.5 mils (39 µm) diameter  
Table 44: Mixing sequence used for large-scale production. 
Activity Time (min) 
1. Charge all sand 2 
2. Charge portion of mixing water (80-90%), all 
HRWR, and all hydration stabilizer 
2 
3. Charge all fly ash 2 
4. Charge all cement 2 
5. Charge remaining mixing water to wash 
drum fins (10%-20%) 
4 
6. Mix at high speed RPM until material is 
homogeneous throughout. 
5-10 
7. Bring flowable ECC material to top of 
mixing drum. 
2 
8. Charge fibers and mix at high RPM until 
material is homogeneous. 
5-10 
Total mixing time: 24-34 
 
Table 45 summarizes the results of the production phase of this study.  Compression 
tests showed that compressive strengths were above 4.5 ksi (31 MPa) after 4 days for the 
1 yd3 and 2 yd3 (0.76 and 1.53 m3) tests.  Compressive strengths at 28 days ranged from 9 
ksi (62 MPa) to 10 ksi (69 MPa).  The compressive strengths were not affected by how 
long the ECC was within the mixing truck.  The ECC samples exhibited consistent 
compressive strengths throughout the 1 hour mixing time.  If the ECC is placed with 1 
hour after batching it will retain its compressive strength.  Tensile tests showed the 
ultimate tensile strength increases the longer the ECC is held within the concrete truck.  





ECC is within the mixing truck.  Test results showed the average ultimate tensile strength 
was 855 psi (5.9 MPa) after 28 days and the average tensile strain capacity was 2.2% for 
the ECC. 
Table 45: Summary of findings from ECC link slab field demonstration. 
Property Findings 
Mixing • Significant factors: mixing sequence 
• Mixing sequence tested was found to deliver ECC with sufficient 
workability and strengths. 
• Mixing drum should be wetting prior to mixing ECC to ensure no loss of 
water take place from the mixture. 
• 10-20% of mixing water should be withheld until all components are 




• No significant factors. 
• Compressive strength was above 4.5 ksi (31 MPa) at 4 days for 1 yd3 and 2 
yd3 (0.76 and 1.53 m3) tests.   
• Compressive strength gain dependent on dosage of retarder admixture.  High 
dosages reduce short term strength gain. 
• Compressive strength remained constant regardless of amount of time ECC 
was held within the mixing drum up to 1 hour retention time. 
Ultimate Tensile 
Strength 
• No significant factors. 




• No significant factors. 
• Tensile strain capacity remains unchanged regardless of how long the ECC 
is left in the mixing drum.   
  
2.3.4 Large-scale Processing of ECC 
Lepech and Li 1 evaluate the design, production, and evaluation of large scale batches 
(up to 4 yd3) of ECC.  The focus was to design a mix and test multiple mixing sequences 
to obtain the most workable ECC.  Once found, the ECC was mixed in a concrete mixing 
truck in the field. 
There are two criteria that must be met for large productions of ECC: (1) the material 
exhibits pseudo-tensile strain-hardening characteristics and (2) the material can be mixed 
thoroughly using commonly available mixing equipment.  For the ECC to be mixed in 
common mixing equipment, it should require minimal mixing energy.  The mixes were 
designed using the Alfred grain size distribution curve, shown in Equation 5.  Using this 
grain distribution curve, the mixes will have optimal particle packing which will make 
the ECC mix easy to mix in a gravity based drum mixer.  Table 46 shows the mix 
proportions for the ECC mixes evaluated.  Figure 5 shows the gradation of the ECC 





345+ = 100 ∗ 6768676         (Eq. 5) 
where CPFT is the cumulative percent of particles finer than a particle with a diameter D; 
Ds is the diameter of the smallest particle in the distribution; DL is the diameter of the 
largest particle in the distribution; and q is the distribution modulus which was 0.37 
  
The workability and the tensile strain of the ECC were determined.  To measure the 
workability of the fresh ECC, a slump cone test was used and the flow factor of the 
material was measured.  Equation 6 describes how the flow factor is calculated using a 
slump cone (D1 is the diameter of the ECC after slump cone is removed, D0 is the 
diameter of the slump cone used). 
Table 46: Mix proportions (by dry weight) for ECC mixes in large-scale processing 
study. 






M45 1.0 1.2 0.8 0.56 0.012 0.02 
M46 1.0 1.2 1.2 0.58 0.012 0.02 
M47 1.0 1.2 1.4 0.59 0.012 0.02 
M48 1.0 1.2 1.6 0.60 0.012 0.02 
1 Sand is “F110 foundry sand” 
2 Fiber length is 0.33” (8 mm) 
 
 
Figure 5: Gradation of ECC mixtures evaluated (sand, fly ash, cement particles). 1 





The tensile strain was determined using a uniaxial tension test.  Both mixes M45 and 
M46 exhibited strain-hardening behavior with tensile strains of 3.0% and 3.1%, 
respectively.  Mix M46 had a higher flow factor than M45, 3.6 compared to 3.4.  Mix 
M45 was used for large scale mixing because the samples had a smaller standard 
deviation than mix M46.   
In large scale mixing, three objectives were identified: (1) keep the mixture as fluid as 
possible, (2) ensure the cement is nearly homogeneous before adding fibers, and (3) keep 
mixing times to a minimum.  There were seven different mixing sequences evaluated by 
preparing 1 ft3 and 7 ft3 (0.76 and 5.35 m3) sample sizes (See Table 47).  All three of the 
objectives had to meet in the 1ft3 (0.76 m3) mixer before the sequence was evaluated for 
the 7 ft3 (5.35 m3) mixer.  Mix sequences 1, 2, 3, and 7 had severe clumping of the 
material in the 1 ft3 (0.76 m3) mixer, while the other three produced a highly workable, 
homogeneous mixture.  In the 7 ft3 (5.35 m3), sequence 5 produced clumping within the 
mixer, sequence 4 took 25 minutes to complete, and sequence 6 produced a workable and 
homogeneous mixture.  Mixing sequence 6 was found to be the optimal mixing sequence 
as it was the only mixing sequence to pass both of the mixing tests in a timely manner. 




Mixer Size Mixing Time 
(Minutes) 1 ft3 (0.76 m3) 7 ft3 (5.35 m3) 
1 
C+S+FA; W(95%); HRWR; 
W(5%); Fiber 
Clumping - - 
2 
C; W(50%); S+FA; W(50%); 
HRWR; Fiber 
Clumping - - 
3 
C(50%); W+HRWR; S+FA; 
C(50%); Fiber 
Clumping - - 







Passed Minor Clumping 14 
6 S; W+HRWR; C+FA; Fiber Passed Passed 12 
7 FA; W+HRWR; C+S; Fiber Clumping - - 
Notes: C = cement; S = sand; FA = fly ash; W = water; HRWR = high range water reducer; Fiber 
= polyvinyl alcohol fiber;  
The final step was to mix 1 yd3, 2 yd3 and 4 yd3 (0.76, 1.53, 3.06 m3) trial batches in 
concrete mixing trucks.  The flow factor of the fresh ECC was over 3.0 after 60 minutes 
of mixing when a hydration stabilizer was used at a dosage rate of 6 fl oz/100 lb cement 
(0.06 L/100 kg cement).  Samples were cast and tested to determine the mechanical 
properties of the ECC.  Table 48 shows the summary of findings from this study.  The 28 
day testing results showed the ECC had a compressive strength of 1.35 ksi (9.31 MPa), 





(5.94 MPa), and a tensile strain capacity of 2.2%.  This showed ECC could be mixed in a 
commercially available concrete mixing truck and ECC was able to retain its mechanical 
properties after 60 minutes of mixing.                      
Table 48: Summary of findings from large-scale processing study. 
Property Findings 
Flow Factor • Significant factors: mixing sequence, particle gradation, mixing time, 
hydration stabilizer 
• The mixing sequence used can cause the material to clump inside the mixer. 
• Flow factor decreases as the ECC gradation approaches the optimal gradation. 
• Addition of hydration stabilizer increased flow factor from 2.3 to 3. 
• Flow factor decreases as mixing times increase.  Flow factor of 3 can be 
obtained after 60 minutes of mixing. 
Mixing • Significant factors: mixing sequence 
• Sequence 6 was found to be most desirable mixing sequence.  ECC material 




• ECC mixed in comercial concrete mixing trucks exhibited sufficient 
mechanical properties. 
• Tests show ECC samples at 28 days had compressive strength of 9.3 ksi (64.2 
MPa), first crack strength of 700 psi (4.8 MPa), ultimate tensile strength of 
860 psi (5.9 MPa), and tensile strain capacity of 2.2% 
 
2.3.5 Rheological Control in Production of Engineered Cementitious Composites 
In 2009, Yang et al. 19 evaluated the rheological properties of laboratory produced 
ECC and how to control these properties.  The focus was to conduct a statistical analysis 
by means of ANOVA to determine any correlations between the fresh ECC rheological 
properties and the hardened ECC mechanical properties.  Four different factors were 
investigated:  
1. Ratio (by mass) of Class C fly ash to Class F fly ash (C/F). 
2. Ratio (by mass) of water to cementitious material (W/CM). 
3. Ratio (by mass) of high range water reducer to cementitious material 
(HRWR/CM). 
4. Ratio (by mass) of viscosity-modifying admixture to cementitious material 
(VMA/CM). 
 
Nine different ECC mixes were developed and evaluated.  Table 49 shows the mix 
proportions for the ECC mixes evaluated while Table 50 shows the properties of the PVA 
fibers used.  ECC mixtures were mixed in a paddle mixer.  Table 51 shows the mixing 
sequence used in this experiment.  The fresh properties of the ECC mortar (without PVA 
fibers) were measured.  The rheological properties are described by the Bingham model: 





workability.  The rheological properties were measured using a rotational viscometer; the 
workability was measured using a mini-slump cone and Marshal cone test.  Mechanical 
properties were found by subjecting ECC specimens (with PVA fibers) to a uniaxial 
tensile test at 28 days. 

















































































































































Table 52 summarizes the findings from this study.  The yield stress decreased as 
HRWR/CM and W/CM ratios decreased, and yield stress increased as the ratio of C/F 
and VMA/CM increased.  The viscosity decreased as HRWR/CM and W/CM ratios 
increase, and viscosity increased as VMA/CM and C/F ratios increased.  Statistical 
analysis found a strong correlation between the yield stress and mini-slump flow.  Higher 
mini-slump flow diameters correlated to lower the yield stress values.  A correlation 
between plastic viscosity and Marshal cone flow time was also observed.  As the flow 
time increased, the plastic viscosity also increased.  The tensile strain capacity increased 
with higher C/F, HRWR/CM, and VMA/CM ratios, and decreased with higher W/CM 
ratios.  The ultimate tensile strength increased with higher C/F ratios, but decreased with 
higher W/CM, HRWR/CM, and VMA/CM ratios.  Statistical analysis shows that ultimate 
tensile strengths and tensile strain capacity both increased with higher plastic 
viscosity/Marshal cone flow time values.   
The conclusion was reached that rheological properties of ECC can be found with 





recommended based on the findings from this study.  A high plastic viscosity, high 
Marshal cone flow time, high mini-slump flow diameter, and low yield stress are 
desirable for any ECC mixture.  These values can be adjusted using different amounts of 
HRWR.  Controlling and monitoring these properties can be used as a quality control 
method for ensuring that ECC with high strengths and strain capacities is being produced 
and placed. 























Table 51: Mixing sequence evaluated in rheological control study. 
Mixing Procedure Mixing Speed/Time 
Cement + Fly ash + Sand dry mixed 100 rpm for 1 minute 
Water + HRWR + VMA added 150 rpm for 1 minute, 300 rpm for 2 minutes 
PVA Fibers added 150 rpm for 3 minutes 







Table 52: Summary of findings from rheological control study. 
Property Findings 
Yield Stress • Significant factors: HRWR/CM, VMA/CM ratios 
• Yield stress is primarily controlled by ratio of HRWR/CM and WMA/CM. 
• Yield stress decreased as HRWR/CM ratio increased. 
• Yield stress increased as VMA/CM ratio increased.   
• Yield stress has strong correlation with mini-slump flow diameter.  Higher 
mini-slump flow diameters correlate to lower yield stresses. 
Plastic 
Viscosity 
• Significant factors: W/CM ratio 
• Plastic viscosity is primarily controlled by W/CM ratio. 
• Plastic viscosity decreased as W/CM ratio increased. 
• Plastic viscosity has strong correlation with Marshal cone flow time.  Higher 
Marshal cone flow times correlate to higher plastic viscosity values. 
Tensile Strain 
Capacity 
• Significant factors: C/F, W/CM ratios, plastic viscosity/Marshal flow time 
• Tensile strain capacity controlled by ratio of C/F and W/CM. 
• Tensile strain capacity increased as C/F ratio increased. 
• Tensile strain capacity decreased as W/CM ratio increased. 





• Significant factors: C/F, W/CM ratios 
• Ultimate tensile strength controlled by ratio of W/CM and C/F. 
• Ultimate tensile strength increased as C/F ratio increased. 
• Ultimate tensile strength decreases as W/CM ratio increased. 
• Ultimate tensile strength increased as plastic viscosity values and Marshal 





2.4 Application of ECC 
2.4.1 Introduction 
Chapter 4 discusses the application and use of ECC in field demonstrations.  An ECC 
link slab was constructed in Michigan.  This demonstration validated laboratory test 
results and showed ECC can be used as a construction material.  The entire process from 
the design of the ECC to the construction of the link slab was documented.  ECC has also 
been evaluated for use as bridge columns in several studies conducted at the University of 
Nevada, Reno. 
2.4.2 Field Demonstration of Durable Link Slabs for Jointless Bridge: Decks Based 
on Strain-Hardening Cementitious Composites 
In 2005, Li and Lepech 18 and 20 described the process of designing and constructing 
a durable link slab made from ECC in Michigan.  The focus was to perform a field test of 
an ECC link slab to determine the constructability of such a slab, making note of any 
difficulties that arise, and documenting the entire process. 
The process started by designing the link slab.  The design of the link slab followed 
the American Association of State and Highway Transportation Officials LRFD Bridge 
Design Manual 28.  The stresses and strains in the link slab were calculated. Some 
parameters, such as maximum end rotation angle, were calculated to verify they met the 
AASHTO design code.  The ECC mix was then designed.  Table 53 below shows the mix 
proportions for the original ECC mix.  Samples of the ECC mix had a yield strain of 
0.02% and yield stress of 500 psi (3.45 MPa).  These values were obtained from 40 ECC 
samples.  These were the design values for the ECC; the structure would not rely on the 
strain-hardening properties of ECC to provide strength, as a factor of safety.  Using the 
ECC’s yield strain and stress, a reinforcement ratio was determined to resist the 
calculated maximum end rotation.  Three trial batches were mixed to determine the best 
mixing sequence to use for production of the ECC in concrete mixing trucks.  It was at 
this time, the contractor was shown how ECC looks during placement and how to apply 
the necessary surface finishing techniques.  
Construction took place between July 25 and October 25, 2005.  In total, there were 
six batches of 7 yd3 (5.4 m3) of ECC delivered to the project site.  The first link slab 
exhibited a fair amount of shrinkage cracks after eight days of curing.  Laboratory tests 
were conducted to determine how to reduce the potential for shrinkage cracks by slightly 
changing the ECC mix proportions.  Test results showed that a reduction in water-to-
cement ratio from 0.59 to 0.57 caused a huge reduction in shrinkage cracks.  Table 54 





number of shrinkage cracks greatly reduced with the use of this modified ECC mix.  
Once completed, slabs were covered with plastic and burlap to cure.  






Sand Water Superplasticizer 
Fiber1 
(% vol.) 
M45 1.0 1.2 0.8 0.59 0.014 2.0 
1PVA fibers: 0.33” (8 mm) long, 1.5 mils (39 µm) diameter  






Sand Water Superplasticizer 
Fiber1 
(% vol.) 
M45 1.0 1.2 0.8 0.57 0.015 2.0 
1PVA fibers: 0.33” (8 mm) long, 1.5 mils (39 µm) diameter  
Table 55 summarizes the findings from this study.  Specimens made from the ECC 
delivered to the construction site showed consistent properties for all six ECC batches.  
The ECC exhibited compressive strengths of 4.6 ksi (31.7 MPa) and 7.5 ksi (51.7 MPa) 
at 7 days and 28 days, respectively.  Tensile strengths were 480 psi (3.3 MPa) at 7 days 
and 623 psi (4.3 MPa) at 28 days.  Tensile strain capacity was 2.4% at 7 days and 2.2% at 
28 days.  Proof loadings were conducted once slabs had sufficiently cured.  The results 
showed that some design parameters were much lower than the assumed values.   




• No significant factors. 
• Compressive strength of ECC was 4.6 ksi (31 MPa) at 7 days and 7.5 ksi 
(51.7 MPa) at 28 days.  No change in compressive strength between the two 




• No significant factors. 
• Ultimate tensile strength of ECC was 480 psi (3.3 MPa) at 7 days and 623 psi 




• No significant factors. 
• Tensile strain capacity of ECC was 2.7% at 7 days and 2.2% at 28 days.  No 
changes in tensile strain capacity between two ECC mixes used. 
Shrinkage 
Cracks 
• Significant factors: water-to-cement ratio 
• The number of shrinkage cracks decreased as the water-to-cement raio 
decreased.  This was observed both in laboratory experiments and in the 
completed link slabs. 
Workability • No significant factors. 
• ECC mix was mixed and delivered in concrete mixing trucks without any 








2.4.3 Bridge Columns Constructed with ECC 
Multiple studies at the University of Nevada, Reno [23, 24, 25] have been carried out 
involving the use of ECC in bridge columns subjected to earthquake loads.  The focus 
was to determine how ECC would perform under the earthquake loadings and if the 
material was suitable for use in bridge columns. 
The steel reinforcement was first designed for the columns.  The columns were then 
formed and constructed with the ECC material which was supplied by a local contractor.  
Columns were placed on the earthquake shake tables and tested.  A multitude of sensors 
were placed on the columns to measure many different properties of the column: 
displacement, stresses, and strains.  The results of all three studies showed that ECC was 
successfully implemented in bridge columns.  ECC was determined to be a suitable 
material for use in bridge columns because of its superior performance when subjected to 
earthquake loads.  The ECC columns outperformed the concrete columns commonly used 





2.5 Cost Benefits of ECC 
2.5.1 Introduction 
Chapter 5 discusses the sustainability of using ECC by evaluating the associated cost 
benefits.  A life cycle cost model for ECC was developed and used to evaluate the 
lifetime performance and total cost of using ECC as a construction material.  A life cycle 
analysis using a finite-element analysis was conducted to determine the service life of 
ECC.  The cost benefits of using ECC in an overlay system compared to concrete and 
asphalt were evaluated. 
2.5.2 Life Cycle Cost Model For Evaluating the Sustainability of Bridge Decks 
In 2001, Keoleian et. al. 21 developed a life cycle cost model for ECC link slabs.  An 
economic analysis over the life of the project was performed and results were compared 
to the costs associated with present day steel expansion joints. 
The life cycle being developed have two parts: (1) one focusing on the costs of the 
materials, construction, repair, and demolition; (2) the other focusing on the costs 
associated with user delay, vehicle operation, and traffic congestion.  The initial bridge 
construction cost was neglected in this study as the authors estimated that cost would be 
roughly the same for ECC link slab and steel expansion joint.   The expansion joints had 
a service life of 30 years while the ECC link slab had a service life of 60 years.  The 60 
year service life was not verified but was determined to be an accurate estimate.  
Construction and material costs were calculated using historical data.  Traffic congestion 
costs due to construction were determined using a traffic model based on an approach 
from the Federal Highway Administration (FHWA).  The cost of the air pollution 
associated with the bridge deck construction was calculated and found using data from 
several sources.   
Table 56 shows the results of the economic analysis.  Table 57 summarizes the 
findings from this study.  The total cost for the ECC bridge deck was 37% less than the 
concrete bridge deck over the lifetime of the product.  The construction and materials 
cost (i.e., agency cost) for the ECC was 35% less than the concrete bridge deck.  The 
social costs (traffic congestion, fuel consumption) were found to be 98% of the total life 
cycle costs of the bridge decks.  Lastly, the environmental cost for ECC was $23,300 
while for concrete it was $43,100.  The emissions of CO2 from the production of 
materials, construction of the project, and from the traffic congestion were calculated and 
tabulated.  The results show the ECC deck accounted for 3,500 metric tonnes of CO2 
while the concrete deck accounted for over 5,000 metric tons, a decrease of 30%.  In 
summary, the results showed that the use of ECC link slab is a more desirable alternative 












ECC Link Slab Cost 
Advantage Over Steel 
Expansion Joints (%) 
Agency cost  $751,000 $489,000 39 
User Cost $34.9 million $22.1 million 37 
Environmental cost $43,100 $23,300 46 
Total cost $35.7 million $22.6 million 37 
 




• Significant factors: overlay material 
• ECC link slab cost 37% less than a steel expansion joint. 
Green-house 
Gas Emissions 
• Significant factors: overlay material 
• ECC link slab construction will reduce the CO2 emissions by 30% compared 
to that of a steel expansion joint. 
 
2.5.3 Life Cycle Analysis of Pavement Overlays Made with ECC 
In 2013, Qian et. Al. 22 evaluated the long-term properties of laboratory produced 
ECC related to a pavement overlay.  The ECC was subjected to multiple tests to find the 
long-term durability properties of the material.  The focus was to determine if an ECC 
overlay could perform at a high level over a long service period and determine the 
associated cost benefits. 
In this study, one ECC mix and one concrete mix were evaluated.  Table 58 shows the 
ECC mix proportions.  The tensile strain capacity of the ECC was 2.5%, compared to 
only 0.01% for the concrete.  The ultimate tensile strength of the ECC was 770 psi (5.3 
MPa).  The compressive strength of the ECC was 6.7 ksi (46 MPa) compared to 3.9 ksi 
(27 MPa) for the concrete.  Lastly, the modulus of rupture for the ECC was 1.58 ksi (10.9 
MPa) while only 0.7 ksi (4.6 MPa) for the concrete. 
A fatigue test and a finite element (FE) analysis of the ECC and concrete materials 
were conducted.  The fatigue test involved subjecting samples to a sinusoidal waveform, 
four point bending load.  The results of the fatigue test showed that ECC has twice the 
fatigue stress as concrete over the same fatigue life.  The JSLAB2004 finite element 
software 29 was used to find the critical stresses of the overlay layer.  The location of the 
maximum tensile stress was located at the bottom of the overlay layer, directly above the 
crack in the underlying layer, when subjected to an equivalent single axle load (ESAL) of 
18 kips (80 kN).  Accordingly, it was estimated that a 6.9 inch (175 mm) thick concrete 
overlay has a service life of 20 years.  A 2.5 inch (65 mm) thick ECC overlay has a 
predicted service life of 40 years.  The service life model predicted that both asphalt and 





need at least two major repairs to reach a performance period of 40 years.  Conversely, 
ECC would require only one major repair to reach a performance period of 40 years. 
An economic analysis was conducted to find the total costs associated with an ECC, 
hot mix asphalt (HMA), and concrete overlay.  The findings showed that the total cost of 
an ECC overlay is $44.3 million, 40% less than the $72.9 million for a concrete overlay, 
and 56% less than the $100 million for an HMA overlay.  Table 59 shows the results of 
this analysis.  The ECC overlay was found cost effective because of the large reduction in 
user costs, which resulted from the minimal amount of maintenance work required.  
Table 60 also shows the summary of findings from this study.  The conclusions reached 
in the report are that ECC is a suitable and desirable material for a rigid pavement 
overlay.   
Table 58: Mix proportions (by weight) for ECC mix evaluated in life cycle analysis 
study. 
Cement Sand Fly Ash Water Superplasticizer PVA Fiber1 (% vol) 
1.0 0.8 1.2 0.59 0.012 2.0 
1PVA Fiber: Kuralon K-II REC15 

















Agency cost1 $10.1 $6.22 $14.8 38.4 58.0 
User Cost2 $61.9 $37.4 $84.2 39.6 55.6 
Environmental 
cost3 
$0.9 $0.7 $1.11 22.2 36.9 
Total cost $72.9 $44.3 $100 39.2 55.7 
1 Agency costs are responsible by government agencies (i.e. department of transportation) for the 
construction costs 
2 User costs include vehicle operating costs, user delay costs, etc.   











• Significant factors: maintenance work, overlay thickness, service life 
• ECC overlays requires 1 major repair while concrete and HMA overlays 
require at least 2 major repairs. 
• Over 40 year analysis period, only 1 ECC overlay is required while both 
concrete and HMA overlays will need to be replaced after 20 years. 
• ECC overlays have estimated cost of  $44 million.  This is 40% less than the 
concrete overlay ($73 million) and 56% less than the HMA overlay ($100 
million) over 40 year analysis period. 
Service Life • Significant factors: overlay thickness 
• ECC overlay of 2.5 inches has estimated service life of 40 years.  Concrete 
overlay of 6.9 inches (175 mm) has service life of only 20 years. 
• Over 40 year analysis period, only 1 ECC overlay is required while both 
concrete and HMA overlays will need to be replaced after 20 years. 
Maintenance 
Work Required 
• Significant factors: overlay material 
• ECC overlays require only 1 major repair for 40 year analysis period.  







2.6 Professional Contacts 
During the literature review, the research team identified two researchers who have 
made significant contributions to the advancement of ECC: Dr. Victor C. Li and Dr. 
Michael Lepech.  Dr. Li is a Professor of Civil and Environmental Engineering at the 
University of Michigan.  He invented ECC in 1986 and has been working to improve the 
material since.  His work has been critical to the application and development of ECC 
around the world.  Dr. Lepech is an Assistant Professor of Civil and Environmental 
Engineering at Stanford University.  He worked with Dr. Li on multiple ECC studies 
while obtaining his PhD from the University of Michigan.  Like Dr. Li, Dr. Lepech has a 
lot of experience working with ECC.  The research team determined that contacting Dr. 
Li and Dr. Lepech should be a priority because of their experience with ECC.  A 
telephone interview with these researchers will be helpful in getting additional 
information about the design, production, and application of ECC as bridge deck 
overlays.  Multiple attempts to contact both researchers have not been successful, but the 
research team will keep attempting to establish communications with Dr. Li and Dr. 









2.7 Overall Summary of Literature Review 
2.7.1 Introduction 
This chapter summarizes the overall findings from the comprehensive literature 
review that was conducted.  The summary focuses on the information relevant to the 
development of an effective laboratory and field experimental program for the NDOT 
study.  
2.7.2 Factors to Consider for ECC Mix Design 
ECC mixes have a multitude of different mix proportions that can be varied and are 
summarized in Table 61.  The critical variable was found to be the water-to-cementitous 
materials ratio (W/CM, CM = cement + fly ash).  Various studies showed that the ideal 
W/CM ratio is 0.25±0.05.  ECC mixes that have W/CM ratios outside of this range can 
still exhibit strain-hardening behavior, but will have reduced tensile strengths and tensile 
strains.  W/CM ratios on the lower side of this range will exhibit reduced amounts of 
drying shrinkage cracks and higher tensile strengths and tensile strains. 
Different cement types can be used depending on the intended application of the 
ECC.  Normal Type I Portland cement is the most common cement used in ECC mixes.  
Type III cement and rapid-hardening cement may be used to achieve high early strength 
ECC where road closures need to be kept to a minimum.   
To make ECC a viable construction material, fly ash should be used to minimize the 
unit cost.  The ratio of fly ash to cement (FA/C) can vary between 0.11 and 2.8 but 
typical FA/C ratios were between 0.8 and 1.2.  A higher FA/C ratio will reduce the 
amount of cement required for the ECC, but will reduce the materials resistance to 
scaling in the presence of a de-icing salt solution.  Some ECC mixes with FA/C ratios of 
2.2 and 2.8 can achieve high tensile strengths and tensile strains if the correct amounts of 
fly ash are used.  Type II, fine ash, and bottom fly ash can be used in ECC mixes with 
high FA/C ratios whereas class F and class C fly ash are the most common types used in 
ECC.   
The ratio of sand-to-cement (S/C) is another mix property that will reduce the unit 
cost of ECC.  S/C ratios can range from 0.11 to 2.2, but ratios between 0.8 and 1.2 are 
most common.  Ultimate tensile strengths were highest at a S/C ratio of 1.0.  Tensile 
strain capacities were highest at S/C ratios between 0.8 and 1.0.  ECC mixes with S/C 
ratios greater than 1.2 and smaller than 0.8 exhibited lower tensile strengths and tensile 
strains. 
The amount of high-range water-reducer admixture to cementitious material ratio 
(HRWR, by weight) had a small effect on the tensile properties of ECC.  Dosage rates 





HRWR was used primarily to increase the workability of the ECC mix.  HRWR ratios 
above 0.02 resulted in ECC that was easier to mix in a gravity based drum mixer.  
The amount of fibers used in ECC remained almost constant among the different 
studies.  Fiber content of 2% by volume is seen in almost all of the ECC studies.  
Though, fiber contents of 1.7% and 2.5% were evaluated and test results showed that 
higher fiber contents will result in ECC that has higher tensile strengths and tensile 
strains.  Higher fiber contents will also increase the unit cost of ECC. 
The properties of fibers used in ECC varied from study to study, depending on the 
manufacturer.  Most of the studies evaluated polyvinyl alcohol (PVA) fibers.  The 
properties of the fibers are shown below in Table 62.  The properties of the PVA fibers 
affect the fiber/matrix interface properties.  Changing these properties affected the tensile 
properties of ECC.  To counteract the change in interface properties, a hydrophobic oiling 
agent should be applied to the fiber prior to batching.  Therefore, the oiling agent content 
(by weight of fibers) was found critical to the performance of ECC mixes because it 
prevents the PVA fibers from rupturing.  It was critical that this oiling agent be applied to 
the fibers if high tensile strains are desired. Oiling agent contents from 0% to 1.2% have 
been evaluated.  Test results showed that oiling agent contents between 0.8% and 1.2% 
produce the highest tensile strains and tensile strengths.  Oiling agent contents less than 







Table 61: Overall summary of ECC mix proportions (by weight) and mechanical 
properties. 
Ref. No. 
/ Mix ID 



































































































































































































































































Table 62: Typical properties of PVA fibers used in ECC. 
Nominal 
Fiber 
Strength,   
Apparent 
Fiber 



























     7.1.5Expected Mechanical Properties and Durability of ECC  
 
There are three main mechanical properties of ECC: (1) tensile strength, (2) tensile 
strain capacity, and (3) compressive strength.  Table 61 shows a summary of the 
hardened mechanical properties of the highest performing ECC mixtures.  Tensile 
strengths between 0.62 to 0.86 ksi (4.3 and 5.9 MPa) are expected after 28 days of curing.  
The tensile strain capacity of ECC can vary from 2 to 3% in the long-term.  Test results 
showed that tensile strain capacity of ECC drops over time.  An ECC that had a tensile 
strain of 5% at 10 days exhibited a tensile strain capacity of 3% after 180 days.  It is 
expected that tensile strain capacity of 3% will remain constant over the life of the ECC 
mix.  Compressive strengths of ECC ranged from 6.6 to 9.2 ksi (45 to 64 MPa) at 28 
days.  For high early strength ECC, compressive strengths of 3 ksi (20.7 MPa) were 
achieved in as little as 3 hours after placement11. 
ECC has been shown to exhibit high fatigue resistance when subjected to a 
monotonic bending load.  It has a high flexural fatigue life compared with concrete.  ECC 
has a high fatigue resistance when used as a bridge deck subjected to a vehicle wheel 
load.  A bridge deck constructed out of ECC can function for over 100 years without 
showing any fatigue cracks.  It is believed that ECC overlays would eliminate all 
reflective cracking from subsequent layers. 
The durability of ECC is equally as important as the mechanical properties of ECC.  
Numerous studies have been conducted on ECC to evaluate the material’s resistance to 
the environment.  While conventional concrete samples did not survive the multiple 
freeze-thaw cycles, the ECC exhibited tensile strain capacities of 3%.  Furthermore, ECC 
underwent self-healing when subjected to multiple wetting and drying cycles.  ECC’s 
ability to withstand multiple freeze-thaw cycles in the presence of de-icing salts has also 
been documented.  ECC samples even maintained a tensile strength of 550 psi (3.8 MPa) 
and a tensile strain capacity of 3.4% after being subjected to 50 freeze-thaw cycles. 
The long-term properties of ECC have also been evaluated.  Accelerated aging 
studies have been carried out on ECC samples and the results showed ECC can easily 
retain its tensile strain capacity.  ECC samples subjected to 26 weeks of accelerated aging 






2.7.3 Production and Application of ECC 
The production of ECC has been evaluated in a few different studies.  The mixing 
sequence is just as important as the design of the ECC mix.  ECC mixes can be mixed in 
concrete mixing trucks if they are kept in a semi-liquid state.  Test results show that the 
gradation of ECC can be an effective way of increasing the workability.  The same study 
also evaluated seven different mixing sequences to determine which would produce the 
most desirable ECC mix.  Field demonstrations of ECC also evaluated how to produce 
ECC that could be mixed in concrete trucks.  When planning the Michigan ECC link 
slab, engineers met with the workers at the batch plant and made necessary revisions to 
the proposed batching sequence.  The modified mixing sequence was found to produce 
consistent ECC that exhibited the desired mechanical properties. 
The Michigan ECC link slab was constructed in the summer of 2005.  The focus was 
to evaluate if ECC can be used as a construction material and determine if ECC used in 
the field will perform the same as laboratory produced ECC.  The field demonstration 
validated the claim that ECC can be used as a construction material.  The mechanical 
properties of the ECC were found to be sufficient and matched those of laboratory 
produced ECC. 
ECC has also been tested extensively at the University of Nevada, Reno.  Multiple 
studies evaluating ECC as a construction material for bridge columns have been carried 
out.  Results showed that ECC columns outperformed the typical reinforced concrete 
columns when subjected to earthquake loadings.  The studies showed that ECC can be 







2.8 Proposed Laboratory Experimental Plan 
2.8.1 Introduction  
This chapter focuses on the experimental plan to be implemented in Task 2 of 
NDOT Project 13-39.  The original proposed experimental plan was revised with input 
from the studies summarized in this comprehensive literature review on ECC.  Ranges for 
the ECC mix proportions were developed such that the material will exhibit sufficient 
mechanical properties and durability that are desired for bridge deck overlays application.  
Based on the literature review, the average mechanical properties of ECC measured at 28 
days consisted of a tensile strength of 725 psi (5 MPa), a tensile strain capacity of 2.85%, 
and a compressive strength of 8 ksi (55 MPa).  As a starting point, these typical values 
for ECC mixes are proposed as target values for the mixtures to be designed as part of 
this study.  This will be achieved by first using the typical mix proportions identified in 
the literature.  If the ECC mixes do not meet the set minimum values for tensile strength, 
tensile strain capacity, and compressive strength, the mix proportions will then be 
adjusted accordingly.  Once the ECC meet these target values, the mixes will undergo 
testing to evaluate the durability and performance of the material with special 
consideration due to mixture’s resistance to freeze-thaw damage and reflective cracking.  
The proposed tests from the original proposal and test methods were revised based on the 
findings from this comprehensive literature review.  A wide range of tests for fresh and 
hardened properties are proposed so the research team can validate the conclusions of 
previous test results on ECC.  Having a large amount of tests will ensure that the ECC 
mix chosen for field testing will have the most success under Nevada’s conditions. 
2.8.2 Evaluation Materials 
ECC mixes have a wide range of mix proportions that can be varied.  Achieving high 
mechanical properties and durability of ECC depends on selecting the correct proportions 
values for ECC evaluation.  The type of materials used is also critical to the ECC mixes.  
Different cement types and fly ash types will have a huge influence on the properties of 
hardened ECC.  Careful consideration was taken during the selection of these ECC mix 
proportions and materials.  Table 63 shows the proposed mix proportion ranges while 
Table 64 shows the type of materials to be considered. 
The four aggregate sources from Nevada will be determined with input from NDOT 
personnel.  Chemical admixtures will also be determined at a later date.  The fiber will be 








Table 63: Proposed mix proportions for ECC mixes (by weight). 







0.24-0.26 0.8-1.0 1.2-1.6 TBD1 
43.8 lb/cy (26 
kg/m3) 
0.008-0.012 
1 To be determined 
Table 64: Proposed material types for ECC mixes. 






Type I TBD1 
Class C and 
Class F 
TBD2 




1 To be determined in coordination with NDOT 
2 Manufacturer to be determined  
 
2.8.3 Production of ECC 
For ECC to be successfully implemented as a bridge deck overlay material, it must be 
workable enough to be mixed in a commercially available concrete mixing truck.  The 
mixing sequence to be evaluated is shown below in Table 65.  This sequence will be 
evaluated in laboratory mixing tests.  If problems arise, the sequence will be modified to 
fix any deficiencies.  The same sequence evaluated in laboratory testing will also be used 
and modified as needed at the batching plant when large-scale mixing tests are 
performed.   
Table 65: Proposed mixing sequence for ECC evaluation. 
Activity Add Sand 
Add Water + 
Admixtures 
Add Cement 




Time (min) 2 6 5 6 21 
 
2.8.4 Test Methods for Evaluation 
To evaluate if the ECC mixes properties are suitable for bridge deck overlays, a large 
amount of tests are being proposed.  Table 66 shows a list of tests and test methods to be 
performed on the ECC samples.  The following summarizes the test methods considered 
in the experimental plan and do not have an established standard procedure (i.e. uniaxial 
tensile test, LISST, four-point loading thin beam, four-point loading simulated overlay, 
and the TTI Overlay tester).  
The uniaxial tensile test was developed and used to characterize the tensile properties 
of ECC.  It consists of an ECC specimen being subjected to a uniaxial tensile load that 
measures the maximum tensile strain and tensile strength of the specimen during the test.  





ECC samples with different mix proportions.  The test was effective in determining the 
performance of various ECC mixes in the study.  The research team proposes this test 
method to evaluate the tensile strength and tensile strain capacity of the ECC mixes.  
Minimum tensile strength and strain capacity values will be set that the ECC mixes must 
meet before the material’s durability will be evaluated in the laboratory. 
The Louisiana Interlayer Shear Strength Tester (LISST) is being implemented in 
place of the simple shear at constant height (SS-CH) test that was originally proposed.  
The LISST test is a draft AASHTO test method that was developed as part of the NCHRP 
project 9-40 26 to measure the interface bond strength of asphalt pavement layers in the 
laboratory.  It consists of a cylindrical specimen that is fixed at one end and a shear load 
is applied to the other end.  The University of Nevada, Reno has recently acquired the 
testing apparatus and the research team believes the LISST test can be used to evaluate 
the bond strength of ECC for bridge deck overlay applications.  The LISST test is easier 
to perform than the SS-CH.  If successful, the LISST test can be potentially implemented 
as part of the ECC mix design specifications. 
The four-point loading thin beam test was developed to characterize the flexural 
properties of a thin ECC beam.  It consists of a four-point bending load that measures the 
vertical deflection of a 1.5 inch (38 mm) thick beam specimen.  In 2011, Akkari 2 used 
the test for a Minnesota DOT evaluation study to determine if ECC was a suitable 
construction material as a thin-bonded pavement overlay.   The test was effective in 
determining the vertical displacement of ECC beam samples.  The research team 
proposes this test method to evaluate the flexural performance of ECC specimens that 
would mimic bridge deck overlays.   
The four-point loading simulating overlay test was developed and used to 
characterize the mixture resistance to reflective cracking by subjecting specimens to a 
repeated four-point bending load.  It consists of a composite beam that has an ECC 
overlay layer placed on top of a concrete bridge deck.  In 2001, Zhang and Li 4 used the 
test to determine how an ECC overlay will resist reflective cracking from the subsequent 
layer.  The test was effective in determining an ECC overlay’s resistance to forming 
reflective cracks.  The research team proposes this test method to be considered for 
evaluating the ECC’s ability to resist forming reflective cracking when used as a bridge 
deck overlay. 
The Texas Transportation Institute Overlay Tester (TTI OT) is currently being used to 
characterize the asphalt mixture’s resistance to reflective cracking by subjecting a sample 
to repeated opening and closing movements.  The TTI OT was designed to simulate the 
horizontal opening and closing of joints and cracks in concrete pavements under new 
asphalt overlays.  In 2011, Hajj et al. 27 used the test for a NDOT evaluation study to 
design highly flexible stress relief layers to be placed between an existing cracked asphalt 





proposing to evaluate the test for ECC material given its proven effectiveness in asphalt 
overlay designs.  If found effective, the TTI overlay tester may be implemented as part of 
the ECC mix design specification or quality assurance. 
Table 66: Revised laboratory tests for evaluating ECC mixes 
Concrete Property Method 
Fresh 
Workability 
Slump of Fresh Concrete (Nev. T438B) 
Slump Flow and Stability (Nev. T4147A) 
Air Content Pressure Method (Nev. T432D) 
Density Unit Weight (Nev. T435C) 
Set Time Penetration Resistance (ASTM C403) 
Hardened 
(Durability) 
Freeze-thaw Durability Rapid Repeated Cycles (ASTM C666) 
Resistance to Chloride 
Ion Penetration 
Rapid Chloride Permeability (ASTM C1202) 
Scaling Resistance Scaling Resistance (ASTM C672) 




Compressive Strength Cylindrical Specimens (ASTM C39/C78) 
Tensile Strength 
Uniaxial Tensile Test 3 
Tensile Strain Capacity 
Flexural Strength Simple Beam with Third-point Loading (NEV. T442E) 
Bond Strength 
Slant Shear (ASTM C882) 
LISST 26 
Ductility Four-point Loading Thin Beam 2 
Reflective Cracking 
Four-point Loading Simulated Overlay 4 





CHAPTER 3: EXPERIMENTAL PROGRAM 
3.1 Introduction 
 This chapter presents the experimental program for this research project.  The 
findings from the literature review showed that a single source of fine silica sand was 
primarily used in ECC.  In this study, multiple concrete sands from different aggregate 
sources were used in MECC mixes.  The literature review also showed that ECC provide 
a number of desirable properties (such as good freeze-thaw durability).  To evaluate the 
performance of the MECC mixes in this study, a multitude of tests were conducted on the 
material to evaluate its hardened mechanical and durability properties.  From the 
literature review, multiple mix proportions for MECC mixtures were identified.  From 
these, three mix proportions were selected and evaluated in this laboratory study.  
Previous studies on ECC showed that the mixing sequence would affect the quality of the 
material.  Several mixing sequences were evaluated prior to the laboratory evaluation to 
determine which sequence would yield the most homogenous MECC material. 
 
3.2 Material Information 
The laboratory experiment consisted of the development and evaluation of different 
MECC mixes using locally available material.  Mix proportions were selected based on 
the findings from previous research on ECC.  NDOT assisted in the selection of three 
different and typical concrete sands sources in Nevada (Aggregates 1, 2, and 3).  During 
the research project, the research team also obtained samples of three additional fine 
aggregate sources (Aggregates 4, 5, and 6).  These additional fine aggregates were used 
to understand the influence of the different aggregate properties on the performance of 
MECC and were not fully evaluated like the original three fine aggregates sources.  The 
six different concrete sands evaluated in this study were: 
Aggregate 1. Las Vegas Paving, Apex Pit, Concrete Sand 
Aggregate 2. Martin Marietta, Spanish Springs Pit, Blended Concrete Sand 
Aggregate 3. 3D Concrete, Battle Mountain Pit, Washed Concrete Sand 
Aggregate 4. 3D Concrete, Dayton Pit, Concrete Sand 
Aggregate 5. Western Nevada Materials, Tracy Clark Pit, Concrete Sand 
Aggregate 6. Cemex, Paiute Pit, Concrete Sand 
 
Table 67 shows the properties of the three original fine aggregate sources evaluated.  
Table 68 shows the properties of the three additional fine aggregate sources evaluated.  





silica sand that is typically used in ECC; the original three fine aggregates (1, 2, and 3) 
are shown with solid lines while Aggregates 4, 5, and 6 are denoted with dashed lines.  
Two different fibers were evaluated in the MECC.  One of the fiber types was coated in 
an oiling agent at a rate of 0.8% by weight of fiber, which was consistent with previous 
research on ECC (18). The second selected fiber was not coated in an oiling agent and 
was available for a lower cost compared to the oiled fiber.  Table 6 shows the properties 
of the two different fibers.   
A locally produced Type II cement from Nevada Cement was used throughout the 
research project.  Some MECC mixes using a second Type II cement from Lehigh 
Cement were also evaluated.  A single source of Class F fly ash was used for all MECC 
mixes evaluated in this study.  Figure 6 shows the appearance of the different materials 
evaluated.  Table 70 shows the properties of these cementitious materials.  A 
polycarboxylate high-range water-reducer (HRWR) from BASF (MasterGlenium 7500) 
was used to adjust the workability of the MECC material to reach the target slump of 6 
inches. 
 
Figure 6 Picture of Raw Materials Evaluated.   
From left to right: concrete sand, fly ash, cement, PVA macro fibers. 
 
Table 67 Material Properties of the Original Aggregate Sources Evaluated. 
 Concrete Sand Source 
Property Aggregate 1 Aggregate 2 Aggregate 3 
NDOT District 1 2 3 
Fineness Modulus, ASTM C136/117 2.70 3.08 3.00 
Bulk SDD Specific Gravity, Nev. T493 2.65 2.64 2.55 
Absorption (%), Nev. T493 1.80 1.15 1.80 
Sand Equivalent, Nev. T227 90 91 95 






Table 68 Material Properties of the Additional Aggregate Sources Evaluated. 
 Concrete Sand Source 
Property Aggregate 4 Aggregate 5 Aggregate 6 
NDOT District 2 2 2 
Fineness Modulus, ASTM C136/117 2.85 2.81 3.03 
Bulk SDD Specific Gravity, Nev. T493 2.59 2.60 2.58 
Absorption (%), Nev. T493 2.4 3.9 2.9 
Sand Equivalent, Nev. T227 82 85 88 
Uncompacted Voids (%), AASHTO T304 38 38 38 
 
Table 69 Material Properties of the PVA Fibers Evaluated. 
Fiber Name RECS15 REC15 
Manufacturer Nycon Kuraray 
Specific Gravity 1.3 1.3 
Length 1/3 inch 1/3 inch 
Diameter 0.038 inch 0.038 inch 
Tensile Strength 240 ksi 240 ksi 







Figure 7 Gradations for evaluated aggregate sources (concrete sands) and typically used 
silica sand. 
 
Table 70 Material Properties of the Cementitious Materials Evaluated 
Material Type II Cement Type II Cement Class F Fly Ash 
Producer Nevada Cement Lehigh Cement Headwaters 
Specific Gravity 3.15 3.15 2.38 
Silicon Dioxide (%) 21.3 19.8 62.19 
Aluminum Oxide (%) 3.8 5 18.85 
Ferric (Iron) Oxide (%) 2.0 3.3 4.65 
Sum of Constituents (%) N/A N/A 85.69 
Tricalcium Silicate (%) 59 55 N/A 
Dicalcium Silicate (%) 16 15 N/A 
Tricalcium Aluminate (%) 7 8 N/A 
Blaine Fineness (m2/kg) 362 451 N/A 
3 Day Compressive Strength (psi) 3,733 4,089 N/A 






























































3.3 Testing Plan  
To determine the applicability of using MECC as a bridge deck overlay, the 
material was subjected to several tests to determine the fresh and hardened properties of 
the MECC as shown in Table 71.  Samples of a typical PCC mix and the polymer 
concrete were cast and tested to compare with the results of the MECC. While most of 
the tests in the experimental plan (Table 71) are standard test procedures, three of the 
tests were modified for this study: uniaxial tensile test, ductility test, and L.I.S.S.T test.   
The uniaxial tensile test consisted of a dog-bone shaped specimen measuring 0.5 
inches thick, 2.25 inches wide, and 11 inches long with a necked test section measuring 1 
inch wide and 3.5 inches long.  The size of the specimen was determined by using 
existing ECC research performed at UNR on the material (23).  The specimens were 
stored in a chamber at 100% relative humidity (R.H.) until time of testing and were 
demolded 24 hours after casting.  Samples were subjected to a tensile load applied by 
constant displacement of 0.1 mil per second.  The applied load and displacement of the 
necked region were measured to calculate the tensile strength and tensile strain 
properties.   
There is no standard test method for conducting uniaxial tensile testing on 
cementitious materials.  The method developed for this study was based off of the testing 
procedure that was first developed for evaluating the tensile properties of ECC (3).  
However, because of different testing equipment, modifications to the original ECC 
tensile test were performed.  While the Instron testing machine that UNR had recently 
purchased was capable of measuring the deflections of the MECC samples during tensile 
testing, the research team believed that these deflections measurements may not be 
accurate.  The Instron would not only be measuring the deflection of the MECC samples, 
but also other sources of movement, such as any slippage between the samples and the 
grips.  To get a truer measurement of the MECC samples’ deflections during testing, a 
laser extensometer was used.  This device shoots a laser at the face of the sample, and can 
measure the distance between two pieces of tachometer tape, which were placed on each 
MECC sample at an initial distance of about 3.6 inches apart.  During testing, the laser 
extensometer would measure the distance between the two pieces of tape, capturing the 
true tensile-induced deflections of each MECC sample, which could be used to calculate 
the tensile strain values of the samples. 
The ductility test is a modified flexural strength test in which test specimens 
consisted of 3-inch thick, 6-inch wide, and 21-inch long beams.  The specimens were 
made thinner (i.e., 3 inches thick instead of 6 inches) so that the test would better 
represent how the material would perform in the field as a thin overlay.  These thinner 





ductile behavior of MECC.  All specimens were stored in a chamber at 100% R.H. until 
time of testing.  Specimens were tested in accordance with the NDOT test method 
T442G.  The peak load applied to each test specimen was measured to calculate the 
flexural strength of the various MECC mixes. 
The ductility test was originally met to follow the same test performed by 
Minnesota DOT (2) as a way to characterize the ductile behavior of the MECC, PCC, and 
Polymer concrete materials.  However, the initial test results from the ductility test 
showed that there was a high variability within the test results, making it difficult to 
obtain consistent results between two identical samples.  So instead of using 1.5-inch 
thick samples as MDOT did, the research team evaluated 2-inch thick and 3-inch thick 
samples of the same MECC mix to determine how the sample size affected the test 
variability.  It was determined that the samples that were 3-inches thick and cut after 24 
hours (instead of being cut just prior to testing) had the lowest variability, and this was 
selected as the test procedure for the ductility test. 
The L.I.S.S.T (Louisiana Inter-layer Shear Strength Tester) was originally 
developed to characterize the effectiveness of tack coats between two lifts of asphalt 
layers.  The samples are 6-inch diameter cylinders consisting of a top and bottom part, 
with a tack coat at the interface.  The sample is laid on the side, with the bottom part 
fastened to resist movement.  A shear load is applied to the top part of the specimen only.  
The peak load was recorded to calculate the bond strength.  Appendix A further discusses 
all of the tests performed on the hardened MECC, including pictures and test procedures. 





Workability Slump of fresh concrete (Nev. T438C) 
Air Content Volume Method (Nev. T431D) 
Density Unit Weight (Nev. T435F) 
Hardened 
(Mechanical)  
Compressive Strength Mortar Cubes (ASTM C109) 
Tensile Strength 
Uniaxial Tensile Test 
Tensile Strain 
Ductility (Flexural Strength) Third-point Thin Beam (Nev. T442G) 
Bond Strength 
Pull-off Tester (ASTM C1583) 
Slant Shear (ASTM C882) 
Louisiana Interlayer Shear Strength Tester, 
L.I.S.S.T. (Draft AASHTO) 
Hardened 
(Durability) 
Shrinkage Length Change (ASTM C157) 
Abrasion Resistance Rotating-Cutter (ASTM C944) 
Freeze-Thaw Durability Rapid Repeated Cycles (ASTM C666) 
Resistance to Chloride Ion 
Penetration 





3.4 MECC Mix Proportions 
Prior to the laboratory evaluation, an extensive literature review was conducted.  
From the literature review summary, twelve different mix proportions were chosen for 
preemptive laboratory evaluation (compressive strengths and tensile properties only).  
After all twelve mix proportions were evaluated, the three best-performing mix 
proportions were selected for use in the laboratory evaluation of MECC.  Table 72 shows 
the twelve mix proportions evaluated.  Table 73 shows the compressive strengths and 
tensile properties of these mixes.  All of these twelve mixes had the Aggregate 2 sand and 
unoiled fibers. 
Table 72 Twelve Proposed Mix Proportions. 




Sand (Dry) to 
Cement (S/C) 
Fly Ash to Cement 
(FA/C) 
1 0.26 0.80 1.20 
2 0.24 0.80 1.20 
3 0.24 1.00 1.20 
4 0.26 0.80 1.60 
5 0.24 1.00 1.60 
6 0.24 1.00 1.40 
7 0.24 0.80 1.60 
8 0.24 0.80 1.40 
9 0.26 0.80 1.40 
10 0.26 1.00 1.60 
11 0.26 1.00 1.20 
12 0.26 1.00 1.40 
 














1 7.01 8.83 26 543 605 11 0.57 0.4 -30 
2 6.5 8.76 35 823 749 -9 0.52 0.86 65 
3 5.73 8.23 44 467 692 48 0.41 0.72 76 
4 7.94 10.21 29 438 587 34 0.25 0.64 156 
5 8.57 11.48 34 534 512 -4 0.79 0.68 -14 
6 7.64 10.32 35 487 656 35 0.49 0.61 24 
7 7.62 9.35 23 912 624 -32 0.84 0.38 -55 
8 6.14 8.49 38 459 611 33 0.66 0.72 9 
9 9.01 10.23 14 648 540 -17 0.71 0.84 18 
10 8.06 10.58 31 456 547 20 0.64 0.59 -8 
11 7.07 9.85 39 512 598 17 0.32 0.48 50 






For evaluation with locally sourced concrete sands and materials, only three 
different mix proportions were to be identified and used in the study.  The three mix 
proportions (2, 3, and 6) were selected based on how they performed relative to the other 
nine mix proportions.  These mix proportions were selected because they had the three 
highest 28-day tensile strengths while also having some of the high tensile strain values at 
28 days as well.  While the compressive strengths for these selected mix proportions were 
lower than the others, higher weight was assigned to the tensile properties. 
These three mix proportions would be evaluated in MECC mixes with different 
fine aggregate sources, different fiber types, and different cement types.  The weights 
were adjusted to account for different specific gravities of the three sands.  Table 74 
shows the nomenclature used in this study to identify the different ECC mixes evaluated.  
As an example: M1-A1-O mix refers to the ECC mix with 0.24 W/CM, 0.8 S/C, 1.2 
FA/C, Aggregate 1, and Oiled Fibers.  A total of eighteen different ECC mixes 
(Aggregates 1, 2, and 3) were developed and evaluated in this study.  Table 75 shows the 
detailed mix proportion for the eighteen different ECC mixes.  In addition, fifteen ECC 
mixes were partially evaluated to better understand the influence of different cements and 
different aggregates on the material properties. 
Table 74 Mix Nomenclature Used to Identify ECC Mixes Evaluated. 
Mix Nomenclature: XX-YY-Z 




Sand (Dry) to 
Cement (S/C) 
Fly Ash to Cement 
(FA/C) 
M1 0.24 0.8 1.2 
M2 0.24 1.0 1.2 
M3 0.24 1.0 1.4 
Aggregate (YY) Fiber Type (Z) 
A1 Aggregate 1 O Oiled 
A2 Aggregate 2 U Unoiled 
A3 Aggregate 3   
A4 Aggregate 4   
A5 Aggregate 5   







Table 75 Mix Proportions for the Eighteen ECC Mixes (lbs per cubic yard). 
Mix ID Cement Fly Ash Water Sand (Dry) Fibers 
M1-A1 976 1171 515 781 44 
M1-A2 979 1175 517 772 44 
M1-A3 972 1167 513 764 44 
M2-A1 933 1119 492 933 44 
M2-A2 936 1124 494 923 44 
M2-A3 929 1114 490 913 44 
M3-A1 867 1214 499 867 44 
M3-A2 870 1218 501 857 44 
M3-A3 863 1208 497 848 44 
Note: Mix proportions were the same regardless of fiber type.  For example, M1-A1-O 
and M1-A1-U have the same amount of cement, fly ash, ect. 
3.5 MECC Mixing Procedure 
Previous literature on ECC showed the material was mixed using a high-speed 
shear-action mixer (1).  However, these mixers would not be representative of the large 
gravity-based drum mixers commonly found at concrete batch plants.  On the other hand, 
using conventional concrete mixers to perform the laboratory trial batches may not 
provide enough mixing energy to the MECC to properly mix the material.  Discussions 
with local concrete experts led to the use of a mortar-mixer to mix the ECC in the 
laboratory.  The mortar-mixer has four paddles the rotate inside the mixer to mix the 
MECC material inside.  Figure 8 shows the mortar-mixer used to mix all of the laboratory 
MECC mixes in this study. 
 






This research also showed that the mixing sequence used could drastically affect 
the properties of the ECC.  For instance, certain mixing sequences would not adequately 
mix the ECC, resulting in a material that had large clumps of cement or small-sized 
clumps of fibers.  Prior to the evaluation of the ECC, several test batches were used to 
evaluate four different mixing sequences.  The mixing sequences were judged based on 
how well the ECC material was mixed and whether or not there were any clumps of 
cement or fibers present.  None of the four mixing sequences evaluated caused cement or 
fiber clumping in the ECC.  But because mixing sequence No. 4 produced the most 
homogeneous and consistent ECC material, it was the mixing sequence used throughout 
the experimental plan.  Table 76 shows the mixing sequences evaluated.  
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3.6 Polymer Concrete (PPC 1121) 
 As mentioned before, NDOT currently uses a polymer concrete in most of non-
structural bridge deck overlays in Nevada.  One of the more commonly used polymer 
concrete materials is PPC 1121 Polyester Polymer Concrete produced by Kwik Bond 
Polymers.  This polymer concrete mixture has many desirable traits such as fast setting 
and high early strengths, low chloride permeability, and high abrasion resistance.  The 
research team contacted the local representative of Kwik Bond Polymers to obtain 
samples of the PPC 1121 for laboratory evaluation.   
 The PPC 1121 polymer concrete consisted of four components: binder resin, 
DDM 9 catalyst, Z-cure accelerator, and B-84 fine aggregate.  The resin and DDM 9 are 





used to increase the rate of early-age strength gain of the resin/DDM 9 mixture.  The B-
84 fine aggregate is mixed with the liquid polymers to form the polymer concrete.  The 
mix proportions for the polymer concrete are shown in Table 77.  The mix proportions 
for the polymer concrete were taken from previous NDOT contracts which showed that a 
ratio of 14% resin to aggregates was the primary mix for the polymer concrete overlays.  
The amount of DDM 9 initiator and Z-Cure accelerator were based on recommendations 
from the supplier.  Figure 9 shows the different components of the polymer concrete.  
Figure 10 shows the hardened polymer concrete after mixing and compaction. 
 
Figure 9 Individual Components of PPC 1121 Polymer Concrete. 
Clock-wise from top-left: DDM 9 catalyst, binder resin, Z-Cure (clear), and B-84 sand. 
The polymer concrete was mixed in a Hobart-style shear mixer in a special fume 
hood that was designed to handle polymers.  The mixing sequence for the polymer 
concrete is outlined in the PPC 1121 data sheet provided by Kwik Bond Polymers.  The 
resin and Z-cure were added to the mixer and mixed for 30 seconds.  Next, the DDM 9 
catalyst was added and mixed for 30 seconds.  The B-84 fine aggregate was added to the 
mixer and mixed for 2 minutes.  After the mixing was complete, the polymer concrete 
was scooped out of the mixer bowl and placed into molds.  For all polymer concrete 
samples, the polymer concrete material was tamped with a rubber mallet until there was a 
slight excess of bleed resin coming to the surface, as mentioned in the PPC 1121 data 
sheet.  The B-84 fine aggregate was slowly cast onto the surface of the samples to 






Figure 10 Hardened PPC 1121 Polymer Concrete. 
    
Table 77 Mix Proportions for Polymer Concrete. 
Resin (fl oz) DDM 9 (fl oz) Z-Cure (fl oz) Aggregate (dry, lbs) 
171 3.33 0.55 100 
 
3.7 Traditional Portland Cement Concrete (PCC) 
The PCC mix evaluated in this study was provided by 3D Concrete in Sparks, 
Nevada.  This particular PCC mix was being used in a local airport runway and the test 





used for a local airport in Reno, Nevada, and was designed in accordance with FAA 
Specification AC-150.  A single, one cubic yard batch of this PCC was delivered to the 
UNR campus by a concrete truck.  Once the truck arrived, all of the PCC samples 
evaluated in this study were casted and immediately placed in a cure room at 100% 
relative humidity (R.H.) until time of test.  The mix proportions for the PCC mix can be 
seen in Table 78.  Additionally, the mix design of the PCC mix is shown in Appendix B. 
Table 78 Mix Proportions for Traditional PCC. 













CHAPTER 4: TEST RESULTS AND DISCUSSIONS 
4.1 Introduction 
This chapter presents the laboratory test results of this study.  The results for each 
test are grouped by the Aggregate, Mix Proportions, and Fiber Type.  This helps to show 
how the MECC’s properties changed when using different aggregates, mix proportions, 
and fiber types.  In addition to graphs, the average values for each mix are shown in 
tables to show the test results for each mix.  While the test results may suggest certain 
mixes performed better than others, these differences may not be statistically significant 
when taking into account the variability of the test results.  Chapter 5 discusses the 
statistical analysis performed on these test results and whether or not the differences 
between certain mixes were statistically significant. 
4.2 Fresh Properties 
 The target slump of all laboratory MECC mixes was 6 inches.  This was achieved 
by adjusting the amount of HRWR that was added to the mix.  About 0.7 gallons of 
HRWR per cubic yard was needed to achieve this level of workability for all eighteen 
MECC mixes.  There was no air-entrainment admixture within the MECC, so the air 
content readings were a measurement of the entrapped air.  On average, all MECC mixes 
had between 1% and 2% air content.   The unit weight of the MECC is critical because an 
overlay represents a dead load on the bridges, and should be kept to a minimum.  Test 
results show that all eighteen MECC mixes had a unit weight of between 125-130 pounds 







Table 79 Fresh Properties of ECC Mixes. 
Mix ID Slump (in.) Air Content (%) Unit Weight (pcf) 
M1-A1-O 6.25 1.2 129 
M1-A1-U 6.00 1.2 128 
M2-A1-O 6.00 1.3 128 
M2-A1-U 6.25 1.4 126 
M3-A1-O 5.75 1.2 127 
M3-A1-U 6.00 1.1 130 
M1-A2-O 6.00 1.3 129 
M1-A2-U 5.75 1.4 127 
M2-A2-O 6.00 1.3 126 
M2-A2-U 5.75 1.5 127 
M3-A2-O 5.75 1.9 125 
M3-A2-U 6.00 1.5 126 
M1-A3-O 6.25 1.4 127 
M1-A3-U 6.25 1.8 125 
M2-A3-O 6.25 1.6 126 
M2-A3-U 6.00 1.3 130 
M3-A3-O 6.50 1.8 125 
M3-A3-U 6.25 1.5 128 
4.3 Compressive Strength 
 The compressive strengths for the ECC mixes and polymer concrete were 
measured at 0.5, 1, 1.5, 3, 7, and 28 days after mixing.  Because of the size of coarse 
aggregate in the PCC, it was not possible to cast cube samples for this material.  Table 80 
show the compressive strength test results for the ECC mixes and the polymer concrete 
mix.  Overall, the ECC mixes had average compressive strengths of 2,000 psi at 0.5 days, 
3,400 psi at 1 day, 4,500 psi at 1.5 days, 5,100 psi at 3 days, 6,100 psi at 7 days, and 
8,000 psi at 28 days.  When compared to the polymer concrete, the ECC had lower early-
age compressive strengths.  It wasn’t until 7 days that the compressive strengths for ECC 
and the polymer concrete were the same value.  However, after 7 days, the ECC mixes all 
had higher compressive strengths at 28 days.  The polymer concrete had about 1,000 psi 
higher compressive strengths than the ECC mixed during the first 3 days.  At 28 days, the 
ECC mixes had about 2,000 psi higher compressive strengths than the polymer concrete. 
 Figures 11 thru 14 show the compressive strength results when grouped based on 
the aggregate used in the ECC mixes.  These graphs show that there is a small difference 
between the oiled and unoiled fibers.  During the first 3 days, there is only a small 
difference between mixes with different fibers.  However, this difference becomes 
apparent at 7 days, where the oiled fiber mixes are on average about 400 psi lower than 





only a small influence on the compressive strengths of the ECC mixes.  This is most 
apparent in Figure 14.  Mixes with Aggregates 2 and 3 had approximately the same 
compressive strengths at all ages.  However, mixes with Aggregate 1 had lower 
compressive strengths.  These differences exist at very early ages (0.5 days, a difference 
of 1,000 psi) and after 3 days (where the differences are all about 1,000 psi).  This 
suggests that the aggregate used in the ECC mixes is the most important variable to 
achieve high compressive strengths. 
 Figures 15 thru 18 show the compressive strength results when grouped based on 
the mix proportions used in the ECC mixes.  These figures show that there is a large 
difference between mixes with different aggregates, regardless of the mix proportions.  
For each of the three mix proportions evaluated, mixes with Aggregate 2 had the highest 
compressive strengths while mixes with Aggregate 1 had the lowest compressive 
strengths.  Figure 18 shows that on average, there is no difference between mixes with 
mix proportions 1, 2, and 3.  This suggests that the mix proportions have no influence on 
the compressive strengths, confirming that the aggregate used in the ECC mixes is the 
most influential variable for compressive strengths.  
 
 


























Cure Duration at 100% R. H. (days)







Figure 12 Compressive Strengths for mixes with Aggregate 2. 
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Figure 16  Compressive Strengths for mixes with Mix Proportion 2. 
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Figure 18 Average Compressive Strengths for mixes with Mix Proportion 1, 2, and 3 
respectively. 
 
Table 80 Summary of Compressive Strength Results (in psi). 
Mix ID 0.5 Day 1 Day 1.5 Days 3 Days 7 Days 28 Days 
M1-A1-O 1,116 2,706 3,984 4,396 4,995 7,104 
M1-A1-U 1,028 3,302 4,270 4,804 5,658 7,230 
M2-A1-O 887 2,718 4,156 4,556 5,110 7,465 
M2-A1-U 1,096 2,864 4,207 4,652 5,515 7,369 
M3-A1-O 1,090 2,630 4,084 4,438 5,004 7,115 
M3-A1-U 1,212 3,286 4,301 4,723 5,298 7,605 
M1-A2-O 2,381 3,899 4,978 5,437 6,389 8,407 
M1-A2-U 2,439 3,341 4,727 5,886 7,027 8,953 
M2-A2-O 2,587 3,717 4,561 5,644 6,377 8,561 
M2-A2-U 2,660 3,960 5,216 5,977 6,482 8,763 
M3-A2-O 2,410 3,614 4,910 5,537 6,114 7,894 
M3-A2-U 2,514 3,719 4,920 5,627 6,440 8,431 
M1-A3-O 2,214 3,442 4,385 5,317 5,580 8,716 
M1-A3-U 2,347 3,324 4,441 5,715 6,905 8,400 
M2-A3-O 2,183 3,453 4,027 5,059 5,898 8,163 
M2-A3-U 2,416 3,422 4,712 5,888 7,138 8,591 
M3-A3-O 2,213 3,518 4,124 4,997 5,696 8,403 
M3-A3-U 2,306 3,525 4,600 5,595 6,780 8,504 
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4.4 Tensile Properties 
 The tensile properties of the ECC and polymer concrete mixes were evaluated at 3 
and 28 days after mixing.  It was not possible to determine the tensile properties of the 
PCC using the proposed procedure because of the size of the coarse aggregates in PCC.  
Table 81 shows the results of the tensile test.  On average, the ECC had 3 and 28-day 
tensile strength of 580 psi and 700 psi, respectively.  The polymer concrete mix had a 3-
day and 28-day tensile strength of 643 psi and 744 psi, respectively.  The ECC also had 
an average 3-day and 28-day tensile strain of 0.78% and 0.89%, respectively.    However, 
the polymer concrete had a brittle behavior with tensile strains of 0.22% at 3 days and 
only 0.057% at 28 days.  While some ECC mixes had comparable strengths with the 
polymer concrete, all ECC mixes had higher tensile strains at both 3 and 28 days. 
 Figures 19 and 20 show the 3-day tensile properties of the ECC mixes as grouped 
based on the aggregate used.  The results show that on average, the oiled fiber mixes had 
higher 3-day tensile strengths (50 psi) and tensile strains (0.16%) compared to the mixes 
with unoiled fibers.  These graphs show that the tensile strengths may be slightly 
influenced by the aggregate used in the mixes, as mixes with Aggregate 3 on average had 
the lowest 3-day tensile strengths (519 psi) and tensile strains (0.559).  Mixes with 
Aggregate 1 had average tensile strengths of 615 psi and tensile strains of 1.04% while 
mixes with Aggregate 2 had average strengths of 629 psi and 0.76%.  
 Figures 21 and 22 show the 28-day tensile properties when grouped by mix 
proportions used.  The results show that on average, the oiled fiber mixes had higher 28-
day tensile strengths (100 psi) and tensile strains (0.12%) compared to the mixes with 
unoiled fibers.  These figures show that there is little difference between the tensile 
strength values between groups, indicating that the aggregate may not have a big 
influence on the tensile strengths.  Mixes with Aggregate 1 had 28-day tensile strengths 
of 700 psi, which was lower than mixes with Aggregate 2 (732 psi), and roughly the same 
as mixes with Aggregate 3 (694 psi).  However, the 28-day tensile strains do appear to be 
influenced by the aggregate used.  Mixes with Aggregate 3 had the lowest tensile strains 
of 0.61%, while mixes with Aggregate 1 and 2 were on average equal with values of 
1.04% and 1.01%, respectively.  This suggests that the tensile strain of the ECC material 
may be influenced by the aggregate used. 
 Figures 23 and 24 show the 3-day tensile properties of the ECC mixes as grouped 
by the mix proportions used.  When looking at the tensile strengths, there are differences 
within the groups, suggesting again, that the aggregate may have a small influence on the 
early age tensile strengths.  The average values for mixes with Mix Proportions 1, 2, and 
3 are 585 psi, 570 psi, and 607 psi, respectively.  When taking into account the test 





mix proportions have little or no effect on the 28-day tensile strengths.  The same is true 
for the tensile strains, as the difference between mixes with different aggregates is 
apparent.  The average values for mixes with Mix Proportions 1, 2, and 3 are 0.89%, 
0.72%, and 0.75% respectively. 
 Figures 25 and 26 show the 28-day tensile properties of the ECC mixes grouped 
by mix proportions.  These figures show that there is not a big difference between the 
mixes with different mix proportions.  The average values for mixes with Mix 
Proportions 1, 2, and 3 are 704 psi, 712 psi, and 709 psi, respectively.  These differences 
are very small and suggest the mix proportions have no effect on the 28-day tensile 
strengths of ECC.  However, there are some differences within the groups, suggesting 
that the aggregate may have a small influence on the tensile strengths.  The tensile strain 
values show similar trends.  The average values for mixes with Mix Proportions 1, 2, and 
3 are 1 %, 0.63%, and 1.02% respectively.  While the aggregate has a large influence on 
the 28-day tensile strains, it would also appear that the mix proportions also can affect the 
ECC materials performance.  However, Chapter 7 discusses the statistical analyses of the 






































Figure 20 Tensile Strain Values at 3 Days by Aggregate. 
 
 


























































Figure 22 Tensile Strain Values at 28 Days by Aggregate. 
 
 


























































Figure 24  Tensile Strain Values at 3 Days by Mix Proportions. 
 
 





















































Figure 26  Tensile Strain Values at 28 Days by Mix Proportions. 
 
Table 81 Summary of Tensile Test Results. 
Mix ID 









M1-A1-O 566 1.31 759 1.80 
M1-A1-U 595 1.34 516 0.58 
M2-A1-O 532 1.15 802 0.27 
M2-A1-U 707 0.69 692 1.22 
M3-A1-O 676 1.05 809 1.23 
M3-A1-U 611 0.70 615 1.11 
M1-A2-O 739 0.60 832 1.54 
M1-A2-U 563 0.81 647 0.86 
M2-A2-O 738 0.92 817 0.42 
M2-A2-U 492 0.70 614 0.77 
M3-A2-O 712 0.63 797 1.35 
M3-A2-U 528 0.88 686 1.13 
M1-A3-O 535 0.95 737 0.80 
M1-A3-U 516 0.32 732 0.42 
M2-A3-O 449 0.42 647 0.57 
M2-A3-U 498 0.43 697 0.55 
M3-A3-O 589 0.79 647 0.52 
M3-A3-U 530 0.44 702 0.80 



























 The ductility test was conducted after 3 and 28 days of curing.  Because of 
shortage of oiled fibers, no samples with the oiled fibers were cast or tested.  In addition 
to the flexural strength, the center-point deflection of each beam samples was recoded.  
The deflection values reported were the deflection of the beam at the time of when the 
peak flexural strength occurred.  Table 82 shows the results of the ductility test for the 
ECC mixes, polymer concrete, and PCC.   
 Figures 27 thru 30 show the three-day test results of the ductility test.  ECC mixes 
had three-day strengths between 725 and 1,000 psi.  These values were lower than the 
polymer concrete strength of 1,250 psi.  On average, mixes with Aggregate 1, 2, and 3 
had flexural strengths of 915 psi, 792 psi, and 772 psi, respectively.  The ECC mixes had 
three-day deflections between 0.097 in. and 0.165 in.  The polymer concrete had a 
deflection of only 0.053 in.  On average, mixes with Aggregate 1, 2, and 3 had 
deflections of 0.131 in., 0.136 in., and 0.121 in., respectively.  On average, mixes with 
Mix Proportions 1, 2, and 3 had flexural strengths of 791 psi, 823 psi, and 865 psi, 
respectively.  Additionally, mixes with Mix Proportions 1, 2, and 3 had deflections of 
0.138 in., 0.123 in., and 0.128 in., respectively. 
 Figures 31 thru 34 show the 28-day test results of the ductility test.  ECC mixes 
had 28-day strengths between 750 and 1,100 psi.  These values were lower than the 
polymer concrete strength of 1,700 psi.  However, the ECC mixes had vastly higher 
flexural strengths when compared to the PCC mix which had a strength of only 400 psi.  
On average, mixes with Aggregate 1, 2, and 3 had flexural strengths of 962 psi, 960 psi, 
and 1,005 psi, respectively.  The ECC mixes had twenty-eight deflections between 0.021 
in. and 0.063 in.  The polymer concrete had a deflection of only 0.051 in, and the PCC 
had a deflection of only 0.012 in.  On average, mixes with Aggregate 1, 2, and 3 had 
deflections of 0.033 in., 0.057 in., and 0.049 in., respectively.  On average, mixes with 
Mix Proportions 1, 2, and 3 had flexural strengths of 1,058 psi, 937 psi, and 932 psi, 
respectively.  Additionally, mixes with Mix Proportions 1, 2, and 3 had deflections of 
0.052 in., 0.033 in., and 0.049 in., respectively.  The purpose of looking at the deflections 
was to determine the feasibility of using the ductility test for QA/QC instead of the direct 
tensile test, for simplicity.  However, the test results show that there is almost no 
difference between the 28-day deflections.  This is possibly due to the stiffness of the 
beams resisting the movement, regardless of the properties of the material within the 
beam samples.   






Figure 27 Three-Day Flexural Strength Results when grouped by Aggregate Used. 
 
 


















































Figure 29 Three-Day Beam Deflections when grouped by Aggregate Used. 
 










































Figure 31 Twenty-Eight Day Flexural Strength Results when grouped by Aggregate 
Used. 
 




















































Figure 33 Twenty-Eight Day Deflections when grouped by Aggregate Used. 
 
 







































Table 82 Summary of Ductility Test Results. 
Mix ID 








M1-A1-U 783 0.123 1,065 0.026 
M2-A1-U 999 0.158 1,069 0.026 
M3-A1-U 964 0.113 753 0.046 
M1-A2-U 863 0.193 1,095 0.063 
M2-A2-U 745 0.109 860 0.053 
M3-A2-U 767 0.105 925 0.056 
M1-A3-U 728 0.097 1,015 0.066 
M2-A3-U 726 0.101 882 0.021 
M3-A3-U 863 0.165 1,119 0.061 
Polymer 1,261 0.053 1,695 0.051 
PCC --- --- 411 0.012 
4.6 Bond Strength 
 To evaluate the bond strength between a MECC overlay and the existing concrete 
bridge deck, three different bond strength tests were performed.  Two different types of 
surface preparation for the existing PCC were evaluated: shot-blasting with aluminum 
pellets, and water-blasting with a 4,000 psi pressure washer.  The surface preparation for 
the polymer concrete was shot-blasting followed by the application of a methacrylate 
sealer in accordance with the standard of practice.  The test specimens consisted of a 
three-inch thick, six-inch diameter piece of 28-day PCC with the surface prepared.  Three 
inches of MECC or polymer concrete was placed on top of the surface-treated PCC and 
the ECC samples were stored in a chamber at 100% R.H (polymer concrete samples were 
left in the laboratory) until time of testing.  Slant-shear testing was not conducted for the 
polymer concrete mix because casting these samples proved too difficult and any results 
would not be representative of the bond strength.  The M2-A2-U was the MECC mix 
used primarily because the M2-U mixes had the lowest three-day tensile strength.  There 
were three different types of samples evaluated in the bond strength tests: 
1. Water-blasting with a 4,000 psi pressure washer for MECC (blue line). 
2. Shot-blasting with aluminum beads for MECC (green line). 
3. Shot-blasting with aluminum beads and application of methacrylate sealer for the 







Figure 35 Slant-Shear Bond Strength Test Results. 
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Figure 37 Pull-off Bond Strength Test Results. 
 
 Figures 35 thru 37 shows the results for the three bond tests performed.  The data 
show that the polymer concrete mix had the highest bond strength in all three tests, most 
likely because of the application of the methacrylate sealer.  For the ECC, the shot-
blasting surface preparation consistently produced much higher bond strengths than the 
water-blasting.  Visual inspection of the PCC after the surface preparation showed that 
the pressure washer was only able to slightly texture the concrete and was not able to 
expose the coarse aggregates whereas the shot-blasting treatment was able to expose the 
coarse aggregate to a depth of approximately ¼ of an inch.  NDOT specification 
496.03.04 for overlay bond strength requires 250 psi tensile strength, determined by the 
pull-off test.  This value applies if the failure occurs at the bond interface between the 
PCC and the ECC/Polymer concrete.  During the pull-off test, all ECC and polymer 
concrete samples experienced failure at the bond interface.  These results showed that 
water-blasting did not produce a bond that would meet this specification within four days 
(214 psi after 4 days), whereas both the shot-blast ECC samples and polymer concrete 
samples were able to meet this specification after one day (with bond strengths of 267 psi 
and 440 psi, respectively).  Tables 83 thru 85 shows the test results for the slant-shear, 
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Table 83 Results of the Slant-Shear Bond Strength Test. 
Sample 1 Day 2 Days 3 Days 4 Days 
ECC-WB 880 1,075 1,185 1,241 
ECC-SB 1,325 1,74 1,985 2,098 
Polymer --- --- --- --- 
 
Table 84 Results of the L.I.S.S.T. Bond Strength Test. 
Sample 1 Day 2 Days 3 Days 4 Days 
ECC-WB 183 207 225 240 
ECC-SB 268 290 305 318 
Polymer 315 342 360 372 
 
Table 85 Results of the Pull-off Bond Test. 
Sample 1 Day 2 Days 3 Days 4 Days 
ECC-WB 127 170 197 214 
ECC-SB 267 300 324 341 
Polymer 440 459 467 475 
4.7 Drying Shrinkage 
 Beam samples were cast and stored in a humidity chamber at 100% R.H. for 24 
hours.  The samples were removed from the molds and stored in a lime-saturated water 
bath for 27 days, and then placed in a different humidity chamber at 50% R.H.   
Shrinkage measurements were taken 4, 7, 14, 21, and 28 days after samples were placed 
in the 50% R.H. environment.  Table 86 shows the shrinkage values for each of the ECC 
mixes. 
 Figures 38 thru 41 show the shrinkage values for the ECC mixes as grouped based 
on the aggregate used.  These figures show that the mixes with oiled fibers and mixes 
with unoiled fibers have approximately the same shrinkage values.  The differences 
between mixes with oiled fibers and mixes with unoiled fibers were small, with the 
differences being less than 0.002%.  This would suggest that the influence of fiber type 
on the shrinkage values would be very low.  Mixes with Aggregate 1 and Aggregate 3 
had the highest shrinkage values at all test times, values of 0.008 at 4 days, 0.016 at 7 
days, .0324 at 14 days, 0.0381 at 21 days, and 0.0425 at 28 days.  Mixes with Aggregate 
2 had 4-day values of 0.007, 0.012 at 7 days, 14-day shrinkage values of 0.0275, 0.0343 
at 21 days, and 28-day values of 0.0392.  When compared to the PCC, mixes with 
Aggregate 1 and Aggregate 3 had the same shrinkage values.  However, the mixes with 
Aggregate 2 had lower shrinkage values compared to the PCC.  On average, mixes with 





 Figures 42 thru 45 show the shrinkage values from the ECC mixes as grouped 
based on the mix proportions used.  Again, these figures show that there is only a small 
difference between mixes with oiled fibers and mixes with unoiled fibers.  This shows 
that the influence of the fiber type on the shrinkage values for the ECC material may be 
minimal.  These figures show that the mixes with Mix Proportions with 3 had the lowest 
shrinkage values, whereas mixes with Mix Proportions 1 and 2 had approximately equal 
shrinkage values.  Overall, the average shrinkage values for each group of mix 
proportions were lower than the PCC.   
 Figure 46 shows the average values for mixes with unoiled fibers and oiled fibers.  
When looking at this graph, there is a very small difference between these two groups.  
The differences between these two groups are all less than 0.002 for each test times.  This 
would suggest that the fiber type most likely does not have any effect on the shrinkage 
values for ECC mixes.   
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Figure 39 Shrinkage Values for mixes with Aggregate 2. 
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Figure 41 Average Shrinkage Values for mixes with Aggregate 1, 2, and 3 respectively. 
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Figure 43 Shrinkage Values for mixes with Mix Proportions 2. 
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Table 86 Summary of Shrinkage Results (in %). 
Mix ID 
Storage Duration at 50% Relative Humidity 
4 Days 7 Days 14 Days 21 Days 28 Days 
M1-A1-O 0.0048 0.0124 0.0286 0.0353 0.0420 
M1-A1-U 0.0086 0.0171 0.0314 0.0382 0.0438 
M2-A1-O 0.0070 0.0162 0.0309 0.0389 0.0430 
M2-A1-U 0.0061 0.0142 0.0392 0.0360 0.0400 
M3-A1-O 0.0090 0.0170 0.0311 0.0391 0.0430 
M3-A1-U 0.0101 0.0181 0.0334 0.0412 0.0441 
M1-A2-O 0.0049 0.0114 0.0250 0.0342 0.0373 
M1-A2-U 0.0050 0.0123 0.0260 0.0333 0.0381 
M2-A2-O 0.0073 0.0142 0.0311 0.0400 0.0431 
M2-A2-U 0.0082 0.0153 0.0311 0.0381 0.0426 
M3-A2-O 0.0080 0.0134 0.0266 0.0311 0.0371 
M3-A2-U 0.0069 0.0684 0.0254 0.0328 0.0367 
M1-A3-O 0.0086 0.0174 0.0348 0.0392 0.0452 
M1-A3-U 0.0096 0.0183 0.0343 0.0415 0.0457 
M2-A3-O 0.0101 0.0196 0.0324 0.0375 0.0415 
M2-A3-U 0.0114 0.0199 0.0333 0.0389 0.0426 
M3-A3-O 0.0066 0.0153 0.0294 0.0344 0.0393 
M3-A3-U 0.0073 0.0157 0.0312 0.0365 0.0399 
PCC --- 0.0152 0.0305 0.0390 0.0438 
4.8 Abrasion Resistance 
 Six-inch diameter cylinders were cast and the top 0.5-inch was cut off and used 
for the evaluation of abrasion resistance.  Samples were stored in a chamber at 100% 
R.H. for 28 days and were air-dried in the laboratory for three hours prior to testing.  The 
samples are weighted prior to and after each two minute abrasion cycle, and the mass lost 
during each cycle is recorded.  Table 87 shows the mass lost during testing for the ECC, 
polymer concrete, and PCC mixes. 
 Figures 47 thru 50 show the abrasion resistance values for the ECC mixes as 
grouped based on the aggregate used.  The test results show that all ECC mixes had 
higher mass loss compared to the polymer concrete after all five cycles (2.1 grams mass 
loss).  However, all ECC mixes had lower mass loss values compared to the PCC after all 
five cycles (8.3 grams mass loss).  These figures show that on average, mixes with the 
same aggregate have approximately the same mass loss after two cycles (1.7 grams mass 
loss).  However, with subsequent abrasion cycles, the mass loss values begin to separate.  
This would suggest that the mix proportions have a low influence on the early-age 
abrasion resistance of the material, but become more influential as the number of cycles 
increases.  When looking at the average values for the mixes with Aggregate 1, 2, and 3 it 





However, afterwards mixes with Aggregate 2 have the lowest mass loss (3.7 grams after 
five cycles), mixes with Aggregate 1 have the highest mass loss values (4.6 grams after 
five cycles), and mixes with Aggregate 2 have intermediate values (4 grams after 5 
cycles).   
 Figures 51 thru 54 show the abrasion resistance values for the ECC mixes as 
grouped based on the mix proportions used.  These figure show that on average, mixes 
with the same mix proportions have approximately the same amount of mass loss after 
two cycles.  However, after additional abrasion cycles, these values begin to spread out, 
allowing for better understanding of how each ECC mix performs.  When looking at the 
average values for the mixes with Mix Proportions 1, 2, and 3 it is apparent that there is 
only a small difference between these groups throughout the test.  Mixes with Mix 
Proportions 2  and 3 had the lowest mass loss (3.8 grams after five cycles) while mixes 
with Mix Proportions 1 have the highest mass loss values (4.6 grams after five cycles).  
 Figure 55 shows the abrasion resistance values for the ECC mixes as grouped 
based on the fiber type used.  Previous figures illustrating the abrasion resistance test 
results show that there was a small difference between mixes with oiled fibers and 
unoiled fibers.  On average, when looking at mixes with oiled fibers and mixes with 
unoiled fibers, the differences between these two groups was less than 0.1 grams.  This 
suggests that the influence of the fiber type on the abrasion resistance of ECC mixes is 
very small, if negligible. 
 

































Figure 48  Abrasion Resistance for mixes with Aggregate 2. 
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Figure 52  Abrasion Resistance for mixes with Mix Proportions 2. 
 
 













































































































































Table 87 Summary of Abrasion Resistance Test Results. 
Mix ID 
 
Cumulative Amount of Mass Loss After Each Cycle (g). 
Cycle1 Cycle2 Cycle3 Cycle4 Cycle5 
M1-A1-O 0.6 1.7 2.9 3.9 5.3 
M1-A1-U 0.7 1.8 3.1 4.3 5.5 
M2-A1-O 1.2 1.9 3.0 3.7 4.3 
M2-A1-U 0.8 1.8 2.7 3.8 4.7 
M3-A1-O 0.7 1.8 2.7 3.3 3.7 
M3-A1-U 1.3 2.1 3.0 3.7 4.2 
M1-A2-O 0.5 1.1 1.8 2.7 4.0 
M1-A2-U 0.7 1.0 1.6 2.5 3.7 
M2-A2-O 0.8 1.6 2.2 2.7 3.3 
M2-A2-U 0.9 1.3 1.6 2.2 2.9 
M3-A2-O 1.4 1.8 2.4 3.0 3.8 
M3-A2-U 1.8 2.2 2.8 3.6 4.4 
M1-A3-O 0.8 1.8 2.9 3.9 4.4 
M1-A3-U 1.2 2.1 3.3 4.2 4.8 
M2-A3-O 0.9 1.8 2.6 3.3 4.4 
M2-A3-U 1.0 1.8 2.5 3.1 3.9 
M3-A3-O 0.7 1.3 2.1 2.8 3.3 
M3-A3-U 0.7 1.5 2.3 3.1 3.6 
Polymer 0.3 1.3 1.6 1.9 2.1 
PCC 2.0 3.6 5.3 7.0 8.3 
4.9 Freeze-thaw Durability 
 Northern Nevada is a dry-freeze environment where ECC would be exposed to 
freeze-thaw cycles in accordance with ASTM C666.  Samples for M3-A2-U and M3-A3-
U were cast in the laboratory and were shipped frozen to CTL Thompson, a third-party 
consultant laboratory, for testing where samples were subjected to 300 freeze-thaw 
cycles.  The results showed that the durability factor for all four samples tested after the 
300 freeze-thaw cycles was 100%, indicating exceptional freeze-thaw performance.  
These results confirmed previous literature on ECC which showed an air-entrainment 
admixture is not needed for freeze-thaw resistance (11).  Appendix C shows the report 
from CTL Thompson showing the test results for the ECC samples sent for freeze-thaw 
durability testing. 
4.10 Resistance to Chloride Ion Penetration 
 Bridges in the northern part of Nevada are subjected to deicing salts during the 
winter months.  The polymer concrete mix has excellent resistance to chloride ion 
penetration, which is one of the primary reasons it is used as an overlay material.  In this 
test, the lower amount of coulombs passed indicates a higher resistance to chloride ion 





the charge passed by the ECC mixes was 1,764 coulombs indicating a low chloride ion 
penetrability according to ASTM C1202 (between 1,000 and 2,000 coulombs). 
 Figure 56 shows the test results when mixes are grouped by the aggregate used.  
All ECC mixes had lower coulombs passed than the PCC did (1,975 coulombs passed).  
However, the ECC mixes did not perform as well as the polymer concrete (287 coulombs 
passed).  On average mixes with Aggregate 1 had the most coulombs passed (1,799), 
mixes with Aggregate 2 had the lowest (1,726), and mixes with Aggregate 3 had 
intermediate values of 1,768 coulombs passed.  This figure also shows that there is a very 
small difference between mixes with oiled fibers and mixes with unoiled fibers.  The 
average difference between mixes with oiled fibers and mixes with unoiled fibers was 
only 8 coulombs.  This would suggest that the fiber type has no influence on the 
material’s resistance to chloride ion penetration.   
 Figure 57 shows the test results when mixes are grouped based on the mix 
proportions used.  This graph shows that there appears to be smaller differences with 
these groups and larger differences between groups when compared to the previous 
figure.  This suggests that the mix proportions used may have a higher influence on the 
resistance to chloride ion penetration of the ECC material.  On average mixes with Mix 
Proportions 3 had the most coulombs passed (1,837), mixes with Mix Proportions 2 had 
the lowest (1,697), and mixes with Mix Proportions 1 had intermediate values of 1,759 
coulombs passed.   
 


































Figure 57 Chloride Ion Penetration by Mix Proportion. 
 
Table 88 Summary of Chloride Ion Penetration Test Results. 






















































CHAPTER 5: EVALUATION OF ADDITIONAL ECC MIXES 
5.1 Introduction 
This chapter presents the test results for the additional MECC mixes that were 
partially evaluated in the laboratory study.  Because these mixes were not completely 
evaluated, they were not subjected to all of the performance tests like the original 
eighteen MECC mixes.  Some of these mixes were used to compare the laboratory test 
results with the large-scale trial batch test results (both trial batches performed for this 
study did not use one of the three original fine aggregates).  Other mixes presented in this 
section were used to study the influence of cement on the MECC’s properties.  Lastly, 
these results were used to better characterize the influence of the aggregate properties on 
the MECC’s performance.   
5.2 Additional Mixes 
In total, there were fifteen additional mixes that were partially evaluated.  Table 
22 summarizes these mixes.  Because the oiled fibers were in short supply, only unoiled 
fibers were evaluated in these additional mixes.  Additionally, the test results showed that 
there was only a moderate increase in performance of the MECC mixes with oiled fibers 
compared to the unoiled fibers, with this small increase in performance came at a high 
cost.  The research team decided to move forward and focus on evaluating only the 
unoiled fibers in these additional MECC mixes.  It should be noted that mixes using the 
Lehigh Cement are designated with the letter “L” at the end of the Mix ID while the 
mixes with the Nevada Cement do not have any special designation.  The difference 
between the two cements was that the Lehigh Cement was finer than the Nevada Cement.  
This means the Lehigh Cement would hydrate faster, and MECC mixes with Lehigh 
Cement could gain strength at a faster rate than mixes with Nevada Cement.  Table 89 






Table 89 Additional ECC Mixes. 
Mix ID Cement Used 
M1-A4-U Nevada Type II 
M2-A4-U Nevada Type II 
M3-A4-U Nevada Type II 
M1-A5-U Nevada Type II 
M2-A5-U Nevada Type II 
M3-A5-U Nevada Type II 
M1-A6-U Nevada Type II 
M2-A6-U Nevada Type II 
M3-A6-U Nevada Type II 
M1-A3-U-L Lehigh Type II 
M2-A3-U-L Lehigh Type II 
M3-A3-U-L Lehigh Type II 
M1-A5-U-L Lehigh Type II 
M2-A5-U-L Lehigh Type II 
M3-A5-U-L Lehigh Type II 
5.3 Compressive Strengths 
The compressive strengths for the additional mixes were measured at the same 
intervals as the original MECC mixes: 0.5, 1, 1.5, 3, 7, and 28 days.  Table 90 
summarizes the compressive strengths for the additional MECC mixes. 
Figures 58 to 61 show the compressive strengths for the additional MECC mixes.  
The test results show that for the mixes with the Nevada Cement, there was only a small 
difference between the mixes with Aggregate 4, 5, and 6, respectively, within the first 1.5 
days.  At 3 days, mixes with Aggregate 5 and 6 had higher compressive strengths than the 
mixes with Aggregate 4 (4,950 psi vs. 4,350 psi).  At 7 days, the mixes with Aggregate 5 
had the highest compressive strengths and mixes with Aggregate 4 and 6 had roughly the 
same strengths (6,250 psi vs. 5,900 psi).  At 28 days, mixes with Aggregate 5 had the 
highest compressive strengths with 9,000 psi, followed by mixes with Aggregate 6 at 
8,600 psi, and mixes with Aggregate 4 having strengths of 8,100 psi. 
When looking at the Lehigh Cement compared to the Nevada Cement, the Lehigh 
cement had higher compressive strengths at all ages (about 250 psi greater).  For mixes 
with Aggregate 3, the Lehigh Cement led to about 300 psi higher compressive strengths 
compared to the mixes with Aggregate 3 using Nevada Cement.  For mixes with 
Aggregate 5, the Lehigh Cement added about 200 psi higher compressive strengths 








































































































































Table 90 Compressive Strengths for Additional ECC Mixes (in psi). 
Mix ID 0.5 Day 1 Day 1.5 Days 3 Days 7 Days 28 Days 
M1-A4-U 1,787 2,649 3,580 4,389 5,942 7,918 
M2-A4-U 1,723 2,768 3,781 4,543 6,109 8,383 
M3-A4-U 1,687 2,541 3,245 4,158 5,758 8,076 
M1-A5-U 1,985 2,880 3,821 4,615 6,254 9,025 
M2-A5-U 2,014 2,754 3,572 4,468 6,109 9,125 
M3-A5-U 2,287 2,924 3,857 4,811 6,412 8,858 
M1-A6-U 1,487 2,647 3,587 5,012 5,712 8,214 
M2-A6-U 1,657 2,728 3,484 4,925 5,849 8,657 
M3-A6-U 1,587 2,845 3,645 5,218 6,087 8,547 
M1-A3-U-L 2,358 3,325 4,425 5,726 6,921 8,425 
M2-A3-U-L 2,401 3,412 4,698 5,889 7,151 8,615 
M3-A3-U-L 2,289 3,514 4,626 5,625 6,761 8,505 
M1-A5-U-L 2,215 3,024 4,087 4,728 6,357 9,325 
M2-A5-U-L 2,157 2,983 3,928 4,676 6,289 9,137 
M3-A5-U-L 2,516 3,147 4,264 4,984 6,459 9,550 
5.4 Tensile Properties 
The tensile properties for the additional MECC mixes were evaluated at 3 and 28 
days like the original MECC mixes.  Table 91 summarizes the tensile properties. 
Figures 62 and 63 show the 3-day tensile properties of the additional MECC 
mixes.  The results show that the Lehigh Cement increased the tensile strengths of mixes 
with Aggregate 3 by about 75 psi and increased the strengths of mixes with Aggregate 5 
by about 60 psi compared to mixes with Nevada Cement.  For the tensile strains, the 
Lehigh Cement did not cause an overall significant change when compared to the Nevada 
Cement mixes.  However, individual mixes did experience changes when using Lehigh 
Cement compared to Nevada Cement.  When looking at mixes with Nevada Cement, 
mixes with Aggregate 4, 5, and 6, had average strengths of about 535 psi.  The mixes 
with Aggregate 4 had tensile strains of 0.92%, while mixes with Aggregate 5 had strains 
of about 0.83%.  Mixes with Aggregate 6 had average strain values of 1.03%. 
Figures 64 and 65 show the 28-day tensile properties of the additional MECC 
mixes.  The results show that the Lehigh Cement decreased the tensile strengths of mixes 
with Aggregate 3 by about 15 psi and decreased the strengths of mixes with Aggregate 5 
by about 30 psi compared to mixes with Nevada Cement.  For the tensile strains, the 
Lehigh Cement did not cause an overall significant change when compared to the Nevada 
Cement mixes.  However, individual mixes did experience changes when using Lehigh 
Cement compared to Nevada Cement.  When looking at mixes with Nevada Cement, 





strengths of 670 psi and mixes with Aggregate 6 had strengths of 635 psi.  The mixes 
with Aggregate 4 had tensile strains of 0.79%, mixes with Aggregate 5 had strains of 
about 0.72%, and mixes with Aggregate 6 had strain values of 0.84%. 
 
Figure 62 Three-Day Tensile Strengths for Additional ECC Mixes. 
 
 
















































Figure 64 Twenty-Eight Day Tensile Strengths for Additional ECC Mixes. 
 
 

















































Table 91 Tensile Properties for Additional ECC Mixes. 
Mix ID 









M1-A4-U 521 0.82 632 0.857 
M2-A4-U 460 1.213 587 1.153 
M3-A4-U 587 0.725 701 0.362 
M1-A5-U 515 1.027 621 0.727 
M2-A5-U 486 0.616 673 0.943 
M3-A5-U 557 0.855 710 0.489 
M1-A6-U 521 0.714 624 0.587 
M2-A6-U 550 1.405 617 1.046 
M2-A6-U 589 0.987 687 0.747 
M1-A3-U-L 567 1.158 735 0.315 
M2-A3-U-L 605 0.628 689 0.320 
M3-A3-U-L 624 0.543 657 0.426 
M1-A5-U-L 536 0.756 604 0.854 
M2-A5-U-L 592 1.245 687 0.581 







CHAPTER 6: OVERALL STATISTICAL ANALYSES 
6.1 Introduction 
This section discusses the statistical analyses that were conducted on the 
laboratory test results.  For each test, the results were analyzed and the mixes were 
grouped based on the statistical differences between each other.  Mixes belonging to the 
same group did not have statistically significant differences between them.  These groups 
can quantify how the MECC mixes perform relative to each other, as well as how they 
perform compared to the polymer concrete and traditional PCC.  This chapter also 
included the influence of the different variables and how they influence the MECC’s 
performance.  Lastly, the statistical analysis was used to determine which fine aggregate 
properties influenced the MECC properties. 
6.2 Methodology 
There were two different statistical analyses conducted on the test results presented in 
this study. 
1. Differences between Mixes: The differences between the mixes were conducted 
using a pairwise comparison using Stata 14 statistical software (30).  The Tukey 
range test was selected as the pairwise comparison method because it was 
developed to determine the differences between several groups of data, and would 
ensure the analysis was being conducted at a true 95% confidence level.  This 
analysis is the equivalent of running multiple t-tests, but all is included in a 
singular analysis.  This analysis was conducted on the original eighteen MECC 
mixes.  In this analysis, the results of each mix were compared with the results of 
all other mixes.  For instance, Mix 1 was compared with Mixes 2 thru 18 as well 
as with the Polymer and PCC where applicable.  The analysis provided the 
differences between mixes as well as the p-value, which is used to determine if 
the difference is statistically significant or not.  A p-value less than 0.05 means 
the difference is significant, whereas a p-value greater than 0.05 indicates the 
difference is not statistically significant when considering the variability of the 
test results.  For the grouping, mixes within the same group did not have a 
statistically significant difference between them.  Thus, mixes within Group A are 
considered to have the same level of performance, even though there might be 
differences between the mixes’ average values.  
2. Influence of Variables: The influence of the different variables (fiber type, mix 
proportions, aggregate properties, etc.) was conducted using a linear regression 





beta coefficients were calculated for each of the variables.  These beta coefficients 
are used to show the relative importance of each variable on the various MECC 
properties.  A beta coefficient (greater than 0.2) means the variable has a 
moderate influence on the MECC’s performance, while a lower beta coefficient 
(less than 0.1) means the variable has very little or no influence on the MECC’s 
performance.  High beta coefficients, greater than 0.3, mean that the variable has 
a high influence on the material’s performance.  This analysis was used on the 
original eighteen MECC mixes, as well as to determine the influence of cement 
type and the aggregate properties.  For the fine aggregates properties analysis, 
several iterations were carried out.  The first iteration contained all five of the fine 
aggregates properties being evaluated, with the lease influential aggregate 
property being removed from the next iteration.  This process continued until only 
the most influential fine aggregates properties remained. 
In the second analysis where the linear regression and beta coefficients were utilized, 
the different MECC mixes had to be coded into Stata 14 so that each variable (aggregate 
source, mix proportions, etc.) would be quantified.  To do so, each of these identifying 
mix variables were coded for each mix.  Table 92 shows how the 18 original MECC 
mixes were coded into Stata for this analysis.  A similar approach was used for influence 
of cement type and influence of aggregate properties.  In the influence of cement type 
analysis, the Nevada Cement was coded as 1 while the Lehigh Cement was coded as 2.  
For the influence of aggregate properties, each property was given its own variable, but 







Table 92 Coded MECC Mixes into Stata for Influences on MECC's Performance 
Analysis. 
Mix ID Aggregate Source Mix Proportions Fiber Type 
M1-A1-O 1 1 1 
M1-A1-U 1 1 0 
M2-A1-O 1 2 1 
M2-A1-U 1 2 0 
M3-A1-O 1 3 1 
M3-A1-U 1 3 0 
M1-A2-O 2 1 1 
M1-A2-U 2 1 0 
M2-A2-O 2 2 1 
M2-A2-U 2 2 0 
M3-A2-O 2 3 1 
M3-A2-U 2 3 0 
M1-A3-O 3 1 1 
M1-A3-U 3 1 0 
M2-A3-O 3 2 1 
M2-A3-U 3 2 0 
M3-A3-O 3 3 1 
M3-A3-U 3 3 0 
6.3 Statistical Differences and Mix Groupings 
6.3.1 Compressive Strengths 
 The statistical analysis to group the compressive strength test results focused on 
the early-age (0.5-day and 1-day) and late-age (28-day) compressive strength test results.  
Tables 93 thru 95 summarize which mixes did not have statistically significant 
differences between them.  These tables are sorted by the average values from lowest at 
the top to the highest at the bottom.  This means mixes at the top had the lowest 
compressive strengths while mixes at the bottom had the highest strengths. 
 Table 93 summarizes that the 6 mixes with the lowest compressive strengths all 
had Aggregate 1, the next six mixes all had Aggregate 3, and the six mixes with the 
highest strengths all had Aggregate 2.  This shows that the influence of the aggregate on 
the 0.5-day compressive strengths is much higher than the fiber type or mix proportions.  
Looking at the groups, it becomes apparent that the mixes without statistically significant 
differences all had the same aggregate.  This means that mixes within each group had the 
same fine aggregates, meaning the influence of fine aggregates is significant, that it is 





shows the polymer concrete had much higher compressive strengths than any of the 
eighteen evaluated MECC mixes. 
 Table 94 summarizes the statistical analysis results for the 1-day compressive 
strengths.  Like with the half-day compressive strengths, the polymer concrete had 
compressive strengths that were higher than any of the MECC mixes.  Again, the six 
mixes with the lowest compressive strengths all had Aggregate 1, showing the influence 
the aggregate has on the MECC property.  However, the table summarizes that all three 
fine aggregates source were represented in Group B.  Within this group there are two 
mixes with Aggregate 1, one mix with Aggregate 2, and all six mixes with Aggregate 3.  
This indicates that over time, the influence of the aggregate may decrease, at which point 
mixes with different fine aggregates sources can exhibit the same compressive strengths. 
 Table 95 summarizes the 28-day compressive strengths.  Again, the six mixes 
with the lowest compressive strengths all had Aggregate 1.  However, mixes with 
Aggregate 2 and Aggregate 3 are intermingles, indicating the same level of performance 
can be obtained for these two fine aggregates.  Unlike with early-age compressive 
strengths, the polymer concrete now had the lowest compressive strengths, with a 
statistically significant difference as well.   
Table 93 Groupings of Half Day Compressive Strength Test Results. 
Mix ID Average Value Group 
M1A1U 1028         
M3A1O 1090 A        
M2A1U 1096 A        
M2A1O 1112 A        
M1A1O 1116 A        
M3A1U 1212         
M2A3O 2183  B       
M3A3O 2210  B       
M1A3O 2214  B       
M3A3U 2303   C      
M1A3U 2347   C      
M1A2O 2349   C      
M3A2O 2410    D     
M1A2U 2414    D     
M2A3U 2416    D     
M3A2U 2514         
M2A2O 2587         
M2A2U 2660         







Table 94 Grouping of One Day Compressive Strength Test Results. 
Mix ID Average Value Group 
M3A1O 2630 A        
M1A1O 2706 A        
M2A1O 2718 A        
M2A1U 2864 A        
M3A1U 3286  B       
M1A1U 3302  B       
M1A3U 3324  B       
M1A2U 3370  B       
M2A3U 3422  B C      
M1A3O 3442  B C      
M2A3O 3453  B C      
M3A3O 3522  B C D     
M3A3U 3537  B C D     
M3A2O 3614   C D E    
M2A2O 3717    D E F   
M3A2U 3719    D E F   
M1A2O 3820     E F   
M2A2U 3960      F   
Polymer 4753         
 
Table 95 Grouping of Twenty-Eight Day Compressive Strengh Test Results. 
Mix ID Average Value Group 
Polymer 6140         
M1A1O 7104 A        
M3A1O 7115 A        
M1A1U 7230         
M2A1U 7369  B       
M2A1O 7465  B       
M3A1U 7605         
M3A2O 7894         
M2A3O 8163         
M1A3U 8400   C      
M1A2O 8405   C      
M3A3O 8405   C      
M3A2U 8431   C      
M3A3U 8513   C D     
M2A2O 8561    D     
M2A3U 8591    D     
M1A3O 8716     E    
M2A2U 8763     E F   







6.3.2 Tensile Properties 
Tables 96 to 99 show the statistical groupings for the tensile properties of the 
MECC and polymer concrete.  Again, these tables are sorted so that the mixes with the 
lowest tensile strengths and tensile strains are at the bottom while the mixes with the 
highest values are at the bottom.  Table 96 summarizes the 3-day tensile strengths.  This 
table shows that there are four MECC mixes with the same performance as the polymer 
concrete, four mixes that had higher strengths, and ten mixes that had lower strengths 
than the polymer concrete.  This indicates that almost 50% of the mixes had similar to 
better performance than the polymer concrete.  Additionally, we see that the mixes with 
the lower tensile strengths had unoiled fibers whereas the mixes with the higher strengths 
had oiled fibers. 
 Table 97 summarizes the 3-day tensile strains.  This table shows that there were 
two MECC mixes that had similar tensile strains as the polymer concrete, with the 
remaining sixteen having statistically significantly higher tensile strains.  This indicates 
that the MECC material as a whole has much better performance than the polymer 
concrete.  This table shows that mixes with tensile strains between about 0.4% and about 
0.8% had the same performance.  This means that having a minimum required 3-day 
tensile strain of 0.4% would take into account the variability with the tensile test while 
still ensuring that an MECC mix that meets this criteria would have sufficient 
performance. 
 Table 98 summarizes the 28-day tensile strength values.  The groupings show that 
there are five MECC mixes that had comparable strengths with the polymer concrete and 
five mixes that had higher strengths.  This indicates that almost 60% of the MECC mixes 
had similar to better performance than the polymer concrete.  The groupings show that 
MECC mixes with strengths between about 615 psi and 730 psi had the same 
performance.  This would suggest that having a minimum required 28-day tensile 
strength of 600 would account for the variability of this test, yet still provide a quality 
MECC mix. 
 Table 99 summarizes the 28-day tensile strain values.  Like with the 3-day tensile 
strains, the polymer concrete had the lowest tensile strain values.  In fact, all eighteen 
mixes exhibited significantly better performance than the polymer concrete.  Looking at 
the groupings, there is a better differentiation between the mixes.  Mixes with values 
between 0.4% and 0.6% had roughly the same performance, which would indicate that a 
28-day minimum tensile strain value of 0.4% can account for the test variability, but still 






Table 96 Grouping of Three-Day Tensile Strength Test Results. 
Mix ID Average Value Group 
M2A3O 449 A          
M2A2U 492 A B         
M2A3U 498 A B         
M1A3U 516  B C        
M3A2U 528  B C        
M3A3U 531  B C D       
M2A1O 532  B C D       
M1A3O 535  B C D       
M1A2U 556   C D E      
M1A1O 566   C D E F     
M3A3O 588    D E F G    
M1A1U 595     E F G    
M3A1U 611      F G    
Polymer 645       G H   
M3A1O 676        H I  
M2A1U 707         I J 
M1A2O 710         I J 
M3A2O 712         I J 
M2A2O 738          J 
 
Table 97 Grouping of Three-Day Tensile Strain Test Results. 
Mix ID Average Value Group 
Polymer 0.23       G    
M1A3U 0.32    D   G    
M2A3O 0.42   C D   G    
M2A3U 0.43 A  C D       
M3A3U 0.46 A B C D       
M3A2O 0.63 A B C D       
M1A2O 0.64 A B C D       
M2A1U 0.69 A B C D       
M3A1U 0.70 A B C  E      
M2A2U 0.70 A B C  E      
M1A2U 0.73 A B   E      
M3A3O 0.79 A B   E      
M3A2U 0.88  B   E      
M2A2O 0.92     E      
M1A3O 0.95      F     
M3A1O 1.05      F     
M2A1O 1.15      F     
M1A1O 1.31      F     







Table 98 Grouping of Twenty-Eight Day Tensile Strength Test Results. 
Mix ID Average Value Group 
M1A1U 516       G    
M2A2U 614    D   G    
M3A1U 615   C D   G    
M3A3O 646 A  C D       
M2A3O 647 A B C D       
M1A2U 663 A B C D       
M3A2U  686 A B C D       
M2A1U 692 A B C D       
M3A3U 693 A B C  E      
M2A3U 697 A B C  E      
M1A3U 732 A B   E      
M1A3O 737 A B   E      
M1A1O 759  B   E      
Polymer 770     E      
M1A2O 796      F     
M3A2O 797      F     
M2A1O 802      F     
M3A1O 809      F     
M2A2O 817           
 
Table 99 Grouping of Twenty-Eight Day Tensile Strain Test Results. 
Mix ID Average Value Group 
Polymer 0.06           
M2A1O 0.27 A          
M1A3U 0.42 A B         
M2A2O 0.42 A B         
M3A3O 0.52  B         
M2A3U 0.55  B C        
M2A3O 0.57  B C        
M1A1U 0.58  B C        
M2A2U 0.77   C D       
M1A3O 0.80    D       
M3A3U 0.80    D       
M1A2U 0.85    D       
M3A1U 1.11     E      
M3A2U 1.13     E      
M2A1U 1.22     E F     
M3A1O 1.23     E F     
M1A2O 1.34      F     
M3A2O 1.35      F     








Tables 100 and 101 show the groupings for the flexural strength from the ductility 
test.  The statistical groupings for the ductility test were only conducted on the flexural 
strengths.  For the 3-day test results, the statistical analysis results showed that the MECC 
mixes are broken down into three groups, with average group values of 740 psi, 840 psi, 
and 980 psi for group A, B, and C, respectively.  The polymer concrete had much higher 
flexural strengths than all of the MECC mixes tested.  The mixes are primarily grouped 
by the aggregate, indicating the aggregate may be the more influential variable. 
For the 28-day flexural strengths, there are again three groups.  The polymer 
concrete had again significantly higher flexural strength values compared to the MECC 
mixes.  However, all 18 MECC mixes had higher flexural strengths than the PCC did.  It 
does not appear that the mixes are grouped by aggregate or mix proportions, indicating 
that both variables may have similar influence on the 28-day flexural strengths for the 
MECC material. 
Table 100 Grouping of Three-Day Flexural Strength Test Results. 
Mix ID Average Value Group 
M2A3U 726 A   
M1A3U 728 A   
M2A2U 745 A   
M3A2U 767 A   
M1A1U 783 A B  
M1A2U 863  B  
M3A3U 863  B  
M3A1U 964   C 
M2A1U 999   C 
Polymer 1261    
 
Table 101 Grouping of Twenty-Eight Day Flexural Strength Test Results. 
Mix ID Average Value Group 
PCC 411    
M3A1U 753    
M2A2U 860  B  
M2A3U 882  B  
M3A2U 925  B  
M1A3U 1015   C 
M1A1U 1065 A  C 
M2A1U 1069 A  C 
M1A2U 1095 A   
M3A3U 1119 A   






6.3.4 Drying Shrinkage 
Tables 102 and 103 show the statistical groupings for the shrinkage test results.  
The statistical groupings were conducted for the 7-day and 28-day shrinkage values.  The 
groupings for the 7-day shrinkage values show that there are four MECC mixes with 
comparable shrinkage as the PCC, five mixes with lower shrinkage, and nine mixes with 
higher shrinkage values.  The mixes with the lowest shrinkage typically had Aggregate 2, 
while the mixes with Aggregate 1 and Aggregate 3 had the highest shrinkage values.  
Because of the low variability within this test, most of the differences were found to be 
statistically significant. 
 For the 28-day shrinkage values, there were three MECC mixes with comparable 
shrinkage values to the PCC, and only one mix with higher shrinkage values.  That means 
there were fourteen MECC mixes (about 80%) with lower shrinkage values at 28-days 
than the PCC.  While the mixes with shrinkage values between 0.037% and 0.043% were 
found to have comparable performance, all thirteen of these mixes had a statistically 
significant difference with the PCC’s shrinkage.  This indicates that while MECC has a 
higher potential for shrinkage, if cured properly, MECC in general should have lower 
shrinkage values than traditional PCC mixes. 
Table 102 Grouping of Seven-Day Shrinkage Test Results. 
Mix ID Average Value Group 
M1A2O 0.011           
M1A2U 0.012 A          
M1A1O 0.012 A          
M3A2U 0.012 A          
M3A2O 0.013      F     
M2A2O 0.014  B    F     
M2A1U 0.014  B         
PCC 0.015  B C        
M2A2U 0.015   C D       
M3A3O 0.015   C D       
M3A3U 0.016    D   G    
M2A1O 0.016       G    
M3A1O 0.017     E      
M1A1U 0.017     E      
M1A3O 0.017     E   H   
M3A1U 0.018        H I  
M1A3U 0.018         I  
M2A3O 0.020          J 







Table 103 Grouping of Twenty-Eight Day Shrinkage Test Results. 
Mix ID Average Value Group 
M3A2U 0.037       G    
M3A2O 0.037    D   G    
M1A2O 0.037   C D   G    
M1A2U 0.038 A  C D       
M3A3O 0.039 A B C D       
M3A3U 0.040 A B C D       
M2A1U 0.040 A B C D       
M2A3O 0.042 A B C D       
M1A1O 0.042 A B C  E      
M2A2U 0.043 A B D  E      
M2A3U 0.043 A B   E      
M2A1O 0.043 A B   E      
M3A1O 0.043  B   E      
M2A2O 0.043     E      
PCC 0.044      F     
M1A1U 0.044      F     
M3A1U 0.044      F     
M1A3O 0.045      F     
M1A3U 0.046        H   
6.3.5 Abrasion Resistance 
The abrasion resistance values were statistically grouped after two cycles and five 
cycles.  Table 104 and 105 show the statistical groupings for the abrasion resistance test 
results.  After two abrasion cycles, the statistical groupings show that there were two 
MECC mixes with similar performance to the polymer concrete, with two mixes having 
lower mass loss, but forteen mixes having higher mass loss.  However, all eighteen 
MECC mixes had lower mass loss values than the PCC.  The test results did not have 
much variability, so most of the differences between the mixes were found to be 
statistically significant. 
 The statistical groupings for the abrasion resistance values after five cycles show 
a similar trend.  There was only one MECC mix with comparable performance to the 
polymer concrete, with the remaining seventeen mixes having higher mass loss values.  
However, all eighteen MECC mixes had lower mass loss values compared to the PCC.  
Like with the mass loss values after two abrasion cycles, there was low variability with 
the mass loss values after five abrasion cycles, so most of the differences between the 







Table 104 Grouping of Abrasion Resistance Test Results after Two Cycles. 
Mix ID Average Value Group 
M1A2U 1.0    D     
M1A2O 1.1    D     
M3A3O 1.3   C      
M2A2U 1.3   C      
Polymer 1.4   C      
M3A3U 1.5     E    
M2A2O 1.6     E F   
M1A1O 1.7  B    F   
M2A3U 1.8 A B       
M1A1U 1.8 A B       
M3A1O 1.8 A B       
M1A3O 1.8 A B       
M2A3O 1.8 A        
M3A2O 1.8 A        
M2A1U 1.8 A        
M2A1O 1.9 A        
M3A1U 2.1       G  
M1A3U 2.1       G  
M3A2U 2.2         
PCC 3.5         
 
Table 105 Grouping of Abrasion Resistance Test Results after Five Cycles. 
Mix ID Average Value Group 
Polymer 2.1    D     
M2A2U 2.9    D     
M3A3O 3.3   C      
M2A2O 3.3   C      
M3A3U 3.6   C      
M1A2U 3.7     E    
M3A1O 3.7     E F   
M3A2O 3.8  B    F   
M2A3U 3.9 A B       
M1A2O 4.0 A B       
M3A1U 4.2 A B       
M2A1O 4.3 A B       
M1A3O 4.4 A        
M3A2U 4.4 A        
M2A3O 4.4 A        
M2A1U 4.7 A        
M1A3U 4.8       G  
M1A1O 5.3       G  
M1A1U 5.5       G  






6.3.6 Resistance to Chloride ion Penetration 
Table 106 summarizes the statistical groupings for the chloride ion penetration 
test.  The test results show that all eighteen MECC mixes had much higher penetration 
values compared to the polymer concrete, but were all lower than the PCC mix.  The 
groupings show that the MECC mixes are grouped primarily based on the mix 
proportions.  MECC mixes with Mix Proportion 2 had the lowest penetration values 
while mixes with Mix Proportion 3 had the highest values.  The results show that the 
MECC mixes with Mix Proportions 2 all had similar chloride ion penetration resistance.  
The same holds true for mixes with Mix Proportions 2 and 3, respectively.  This indicates 
that the influence of the mix proportions is very high, otherwise there would be less 
mixes grouped by the mix proportions and more mixes grouped by aggregate or fiber 
type.  Additionally, the polymer concrete had a statistically significant different with all 
eighteen MECC mixes, so too did the PCC with the 18 MECC mixes.  This indicates that 
the MECC material had greater resistance to chloride ion penetration than traditional 
PCC, but not as much as the polymer concrete material. 
Table 106 Grouping of Chloride Ion Penetration Test Results. 
Mix ID Average Value Group 
Polymer 300           
M2A2U 1660  B         
M1A2U 1670  B C        
M2A2O 1682  B C D       
M2A3U 1684  B C D       
M2A3O 1699  B C D     I  
M2A1U 1711   C D     I  
M1A2O 1723    D     I J 
M2A1O 1744         I J 
M1A3O 1771     E     J 
M1A1O 1782 A    E     J 
M1A3U 1784 A    E     J 
M3A2O 1801 A    E F     
M3A2U 1817 A    E F G    
M1A1U 1822 A     F G H   
M3A3U 1824 A     F G H   
M3A3O 1845      F G H   
M3A1O 1866       G H   
M3A1U 1869        H   
PCC 1993           
6.4 Influence of Aggregate, Mix Proportions, and Fiber Type on ECC’s Properties  
In determining the influence of the fine aggregates source, mix proportions, and 





regression analysis were determined.  A low beta value (less than 0.1) indicates the 
variable has little to no influence.  A mid-level beta value (between 0.1 and 0.2) indicates 
a moderate influence.  A higher beta value (between 0.2 and 0.3) means the variable has a 
high influence.  Beta values greater than 0.3 indicate a strong influence by the variable on 
the MECC property.  These values were determined and are shown in Table 107.   
Figure 66 shows the beta coefficients for the tensile strengths plotted at different 
curing durations.  The analysis shows that the early age tensile strength values are 
influenced by both the fiber type and the fine aggregates used.  The mix proportions had 
very little influence on the 3-day tensile strengths.  However, at 28 days, the influence of 
the fine aggregates source has decreased while the influence of the fiber type increased.  
This indicates that the fiber type was the most influential variable, while the fine 
aggregates source influenced the early-age tensile strengths, and the mix proportions 
having very little influence on the tensile strengths. 
Figure 67 shows the beta coefficients for the tensile strain values plotted at 
different curing duration.  At 3 days, all three variables (i.e., fine aggregates source, mix 
proportions, and fiber type) influence the tensile strains, with the most influential variable 
being the aggregate.  At 28 days, the influence of all three variables drops.  The mix 
proportions did not influence the tensile strains, while the fiber type had a slight 
influence.  The fine aggregates source still had a very large influence on the tensile strain 
values.  This indicates that the tensile strain values are heavily influenced by the fine 
aggregates used.  The mix proportions only influenced the 3-day strains, while the fiber 






Table 107 Beta Coefficients for Influence of Aggregate, Mix Proportions, and Fiber Type 
on ECC Properties. 
Property 0.5 Day 1 Day 1.5 Days 3 Days 7 Days 28 Days 
Tensile Strength 
Aggregate       0.418   0.026 
Mix Prop       0.097   0.027 
Fibers       0.296   0.615 
Tensile Strain 
Aggregate       0.666   0.415 
Mix Prop       0.195   0.023 
Fibers       0.287   0.14 
Compressive Strength 
Aggregate 0.776 0.523 0.244 0.651 0.637 0.778 
Mix Prop 0.024 0.046 0.029 0.083 0.121 0.097 
Fibers 0.064 0.141 0.338 0.37 0.493 0.186 
Ductility Flexural Strength 
Aggregate       0.577   0.144 
Mix Prop       0.296   0.424 
Fibers             
Abrasion Resistance 
 Cycle 1 Cycle 2 Cycle 3 Cycle 4 Cycle 5  
Aggregate 0 0.158 0.238 0.271 0.338  
Mix Prop 0.456 0.274 0.041 0.231 0.477  
Fibers 0.245 0.155 0.017 0.124 0.113  
Shrinkage 
  4 Days 7 Days 14 Days 21 Days 28 Days   
Aggregate 0.292 0.304 0.012 0.018 0.041   
Mix Prop 0.237 0.087 0.057 0.146 0.293   
Fibers 0.204 0.114 0.241 0.126 0.034   
RCP* 
Aggregate           0.183 
Mix Prop           0.458 
Fibers           0.057 








Figure 66 Beta Coefficients for Tensile Strength. 
 
 
Figure 67 Beta Coefficients for Tensile Strain. 
 
Figure 68 shows the beta coefficients for the compressive strengths plotted for 
different curing durations.  This figure shows that the 12 hours and 1 day compressive 
strengths are solely influenced by the fine aggregates used.  At 1.5, 3, and 7 days, the fine 
aggregates and the fiber type both influenced the compressive strengths.  However, at 28 
days, the influence of the fibers decreases such that the fine aggregate becomes the most 



































































durations.  This indicates that the compressive strengths will be influenced mainly by the 
fine aggregates source, with the fiber type influencing the early-age strengths.  
 
Figure 68 Beta Coefficients for Compressive Strength. 
 
Figure 69 shows the beta coefficients for the abrasion resistance plotted against 
the abrasion cycle number.  The figure shows that the early-age abrasion resistance is 
influenced primarily by the fiber type and mix proportions, with the fine aggregate source 
having no influence at all.  However, after 2 and 3 cycles, the mix proportions and fiber 
type both had a decreased influence, while the fine aggregates source had an increased 
influence.  After 4 and 5 cycles, both the aggregate and mix proportions had an increased 
influence on the abrasion resistance while the influence of the fibers remained minimal. 
Figure 70 shows the beta coefficients for the ductility flexural strengths plotted 
for different curing durations.  Because only unoiled fibers were used during this test, the 
influence of the fiber type could not be determined.  The figure shows that both the fine 
aggregates source and mix proportions had high influences on the 3-day flexural 
strengths.  However, at 28 days, the influence of the aggregate severely decreases while 
the mix proportions increases.  This suggests that the early-age flexural strengths are 
primarily influenced by the fine aggregates source, but the 28-day strengths are more 
influenced by the mix proportions with the fine aggregates source having only a small 
influence. 
Figure 71 shows the beta coefficients for the drying shrinkage test results for 
































influenced by all three variables.  At 7 days, the shrinkage is primarily influenced by the 
fine aggregates source, with the fibers and mix proportions providing only a small 
influence.  At 14 days, the influence of the fine aggregates source becomes insignificant, 
and remains that way for the higher curing durations.  However, the influence of the 
fibers increased and is the primary influential variable on the shrinkage values.  At 21 
days, the mix proportions and fiber type both had a moderate influence on the shrinkage.  
At 28 days, the mix proportions were the only variable influencing the shrinkage values, 
while the fine aggregates source and fiber type both had no influence on the shrinkage 
properties of MECC. 
 
































Figure 70 Beta Coefficients for Flexural Strength. 
 
 
Figure 71 Beta Coefficients for Drying Shrinkage. 
 
Figure 72 shows the beta coefficients for the resistance to chloride ion 
penetration.  The fiber type had no influence on the material’s resistance to chloride ion 
penetration while the fine aggregates source had a moderate influence.  The mix 






















































penetration.  This suggests that sufficient resistance to chloride ion penetration can be 
achieved by adjusting the mix proportions. 
 
Figure 72 Beta Coefficients for Resistance to Chloride Ion Penetration. 
6.5 Influence of Cement Type 
When determining the influence of cement, there were two different analyses 
conducted.  First, t-tests were conducted to determine the differences in performance 
between the mixes with Lehigh Cement and Nevada Cement, and whether or not this 
difference was statistically significant.  Second, a linear regression was conducted to 
determine the beta coefficients, which were used to determine how much influence the 
cement had on the MECC’s properties.   
Table 108 summarizes the change in performance associated with using different 
cements.  This table shows how the substitution of Lehigh Cement for Nevada Cement 
affected the MECC mix properties.  For example, using Lehigh Cement instead of 
Nevada Cement caused an increase of 3-day tensile strength values by 6.5 psi.  The 
results show that the Lehigh Cement did produce a large change in the 3-day tensile 
strengths.  While the addition of Lehigh Cement caused 28-day strengths to be 50 psi 
higher and the difference was not statistically significant.  However, the Lehigh Cement 
caused significant decreases in the tensile strain values at both 3 and 28 days.  These 
differences were also statistically significant, signifying that the use of Lehigh Cement 
can cause a negative impact on the MECC properties compared to the Nevada Cement.  
The half-day compressive strengths were increased by about 100 psi compared to the 




















strengths afterwards were higher with the Lehigh Cement, these differences were not 
statistically significant; suggesting the use of Nevada Cement gave the MECC similar 
performance when using the Lehigh Cement. 
Table 108 Summary of ECC's Performance Change with Different Cements (Lehigh 
Cement compared to Nevada Cement). 
Property 0.5 Day 1 Day 1.5 Days 3 Days 7 Days 28 Days 
Tensile Strength (psi) 
Difference       6.5   51 
P-value       0.7021   0.1016 
Significant?       No   No 
Tensile Strain (%) 
Difference       -0.272   -0.194 
P-value       0.0426   0.0425 
Significant?       Yes   Yes 
Compressive Strength (psi) 
Difference 97 96 171 89 199 191 
P-value 0.0337 0.209 0.1222 0.5724 0.3452 0.2836 
Significant? Yes No No No No No 
 
Table 109 summarizes the beta coefficients from the linear regression.  The 
results show that the cement type had the highest influence on the 3-day tensile strains, 
with the mix proportions also having a large influence.  However, at 28 days, the 
influence of the cement type dropped to moderate levels, while the influence of the fine 
aggregate source increased and became the most influential variable.  At 28 days, the mix 
proportions had no influence on the tensile strengths.  For the tensile strains, the cement 
type had a moderate influence for both the 3-day and 28-day test results.  The cement 
type had almost the same influence on tensile strain as the fine aggregates source.  For 
the compressive strengths, the cement type had a high influence at 0.5 days and a 
moderate influence at 1 and 1.5 days.  However, after 3 days the influence of the cement 
type dropped to very low levels.  Figures 73 thru 75 show the beta coefficients plotted for 







Table 109 Beta Coefficients for Cement Influence. 
Property 0.5 Day 1 Day 1.5 Days 3 Days 7 Days 28 Days 
Tensile Strength 
Aggregate       0.057   0.489 
Mix Prop       0.341   0.021 
Cement       0.635   0.227 
Tensile Strain 
Aggregate       0.441   0.404 
Mix Prop       0.255   0.086 
Cement       0.349   0.359 
Compressive Strength 
Aggregate 0.488 0.901 0.877 0.959 0.44 0.889 
Mix Prop 0.31 0.219 0.155 0.084 0.139 0.252 
Cement 0.3 0.185 0.226 0.044 0.117 0.036 
 
 


































Figure 74 Beta Coefficients for Influence of Cement on Tensile Strains. 
 
 































































6.6 Influence of Aggregate Properties  
The influence of fine aggregates properties analysis was carried out to help 
identify what desirable properties a fine aggregates should have for use in MECC mixes.  
By identifying which fine aggregates properties influenced the performance of MECC 
helps identifying which concrete sands would be ideal for use in MECC.  Tables 110 and 
111 show the results of this analysis.  The fine aggregates properties used in this analysis 
were the fineness modulus (FM), bulk SSD specific gravity (SG), absorption (Abs), sand 
equivalent (SE), and uncompacted voids (Uncomp).  The tables present the beta 
coefficients for each variable and the R-squared value, which shows how strong the fine 
aggregates properties can predict the MECC performance.  The analysis was performed 
in iterations, where all five aggregate properties were included in the first iteration, and 
the fine aggregate property with the lowest influence was removed for the next iteration.  
These iterations were continued until all of the fine aggregate properties remaining would 
have a significant influence on the MECC material properties. 
For the compressive strengths, it appears that the uncompacted voids of the fine 
aggregates had the highest influence on the compressive strengths at all curing durations.  
For the early-age compressive strengths (half- and one-day), a high fineness modulus is 
also desired to achieve high strengths.  The half-day compressive strengths were also 
higher for mixes with high specific gravity (SSD) of fine aggregates.  At one-day, the 
specific gravity (SSD) loses its influence, while the sand equivalent becomes more 
influential; a higher value is desired.  At 28 days, the uncompacted voids are the only 
influential fine aggregates property.  While the absorption is also shown to be influential, 
the absorption values and uncompacted void values may be collinear; meaning a change 
in the uncompacted voids would cause a change in the absorption.  Because these 
properties are not completely independent, the influence of the absorption may not be as 
high as the analysis suggested.  However, a medium absorption value of 2% would be the 
desired for fine aggregates to achieve high 28-day strengths. 
For the 3-day tensile strengths, a high specific gravity (SSD), a medium 
absorption value (2%), and medium sand equivalent values (85-90) were found desirable 
fine aggregate properties to achieve high tensile strengths.  Unlike the compressive 
strengths, a low uncompacted void value would give MECC mixes higher tensile 
strengths.  This shows that balancing the compressive strengths and tensile strengths is 
critical when selecting the fine aggregates stockpile.  For the 3-day tensile strain values, a 
high fineness modulus, medium specific gravity (2.6), and a low uncompacted void value 
resulted in a MECC mix with higher tensile strains.  For the 28-day tensile strengths, a 
high fineness modulus, low specific gravity (SSD), and medium uncompacted void (40) 





were highest when the fine aggregates had a high fineness modulus, high specific gravity 
(SSD), and either low or high uncompacted void values (35 or 45).   
It is important to note that the findings for the fine aggregate properties are a 
function of the aggregate sources evaluated.  This means that the influences of the 
individual aggregate properties (fineness modulus, sand equivalent, etc.) were limited to 
the ranges and variations of these values used in this study.  If additional fine aggregate 
sources were evaluated, or different aggregate sources were evaluated instead of the six 
within this study, then the results of the statistical analyses would be different.  Hence, 
the observations found in this study might not be applicable for materials that are outside 
the range of values available for this study. 
Table 110 Influence of Aggregate Properties on Compressive Strengths of ECC. 
One Day Compressive Strength 
Agg. Property 1st Iteration 2nd Iteration 3rd Iteration 4th Iteration Desired Value 
FM 0.534 0.52 0.676  High 
SG 0.482 0.5 0.624  Low 
Abs 0.312 0.25 ---   
SE 0.0895 --- ---   
Uncomp 1.452 1.446 1.457  High 
Three Day Compressive Strength 
Agg. Property 1st Iteration 2nd Iteration 3rd Iteration 4th Iteration Desired Value 
FM 0.476 0.514 0.564  Low 
SG 0.026 --- ---   
Abs 0.127 0.137 ---   
SE 0.521 0.517 0.588  High 
Uncomp 0.783 0.813 0.901  High 
Twenty-Eight Day Compressive Strength 
Agg. Property 1st Iteration 2nd Iteration 3rd Iteration 4th Iteration Desired Value 
FM 0.111 --- --- ---  
SG 0.244 0.284 0.223 ---  
Abs 0.355 0.347 0.325 0.368 2% 
SE 0.215 0.212 --- ---  











Table 111 Influence of Aggregate Properties on Tensile Properties of ECC. 
Three Day Tensile Strength 
Agg. Property 1st Iteration 2nd Iteration 3rd Iteration Desired Value 
FM 0.179 ---   
SG 0.493 0.557  High 
Abs 0.430 0.443  2 
SE 0.398 0.393  85-90 
Uncomp 0.244 0.396  Low 
Three Day Tensile Strain 
Agg. Property 1st Iteration 2nd Iteration 3rd Iteration Desired Value 
FM 1.695 1.656 1.404 High 
SG 0.867 0.815 0.779 2.6 
Abs 0.118 --- ---  
SE 0.398 0.457 ---  
Uncomp 1.540 1.545 1.503 Low 
Twenty-Eight Day Tensile Strength 
Agg. Property 1st Iteration 2nd Iteration 3rd Iteration Desired Value 
FM 0.871 0.821 0.927 High 
SG 0.607 0.679 0.762 Low 
Abs 0.373 0.173 ---  
SE 0.311 --- ---  
Uncomp 1.024 1.002 1.009 40 
Twenty-Eight Day Tensile Strain 
Agg. Property 1st Iteration 2nd Iteration 3rd Iteration Desired Value 
FM 1.199 1.166 1.427 High 
SG 0.586 0.635 0.841 High 
Abs 0.566 0.429 ---  
SE 0.215 --- ---  
Uncomp 1.219 1.204 1.222 45 or 35 
6.7 Predictive Models for Aggregate Property Influence on MECC’s Properties. 
 One benefit from analyzing how the aggregate properties influence the MECC’s 
properties is that predictive models can be used to estimate the performance of an MECC 
mix made with a specific fine aggregate stockpile.  These models do not take into account 
the mix proportions of the MECC mix, so the estimated MECC performance values 
represent an average value of multiple MECC mixes with different mix proportions.  
These models also do not take into account fiber type, so only MECC mixes with unoiled 
fibers can be predicted.  In total, there are seven different models to predict how the 
aggregate properties would affect the MECC’s performance.  These models use the 
results from Tables 110 and 111 to determine which aggregate properties would be used 
to predict the different MECC performance values.  Table 112 shows the range of the 





of the predicted variables of the test data.  These are provided to show the limitations of 
the predictive models presented below.  Table 113 shows these predictive models.   
Table 112 Descriptive Statistics for Input Variables for Predictive Models. 
Aggregate Property Mean Median Min Max 
Standard 
Deviation 
Fineness Modulus 2.90 2.85 2.7 3.08 0.137 
Bulk SSD Specific 
Gravity 
2.60 2.60 2.55 2.65 0.036 
Absorption 2.25 1.8 1.15 3.9 0.926 
Sand Equivalent 88.56 90 82 95 4.479 
Uncompacted Voids 39.13 38 36 44 2.664 
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Figure 77 Three-Day Compressive Strength Distribution. 
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Figure 79 Three-Day Tensile Strength Distribution. 
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Figure 81 Twenty-Eight day Tensile Strength Distribution. 
 
 
Figure 82 Twenty-Eight Day Tensile Strain Distribution. 
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One Day Compressive Strength (R2 = 0.8892) 
1*;<3= = (−969) ∗ 5@ + 136 ∗ =B + 144 ∗ D&EFGH 
Three Day Compressive Strength (R2 = 0.8959) 
3*;<3= = (−2039) ∗ 5@ + 44.3 ∗ =J + 180 ∗ D&EFGH 
Twenty Eight-Day Compressive Strength (R2 = 0.8689) 
28*;<3= = 519 ∗ )LM + 186 ∗ D&EFGH 
Three Day Tensile Strength (R2 = 0.7895) 
3*;<+=NOP&QNℎ = 342 ∗ =B + 7.95 ∗ )LM + 1.9 ∗ =J − 13.2 ∗ D&EFGH 
Three Day Tensile Strain (R2 = 0.6743) 
3*;<+=NO;T& = 0.351 ∗ 5@ + 0.697 ∗ =B − 0.052 ∗ D&EFGH 
Twenty-Eight Day Tensile Strength (R2 = 0.7903) 
28*;<+=NOP&QNℎ = 237 ∗ 5@ + 68 ∗ =B − 5.25 ∗ D&EFGH 
Twenty-Eight Day Tensile Strain (R2 = 0.6499) 
28*;<+=NO;T& = 0.033 ∗ 5@ + 0.306 ∗ =B + 0.002 ∗ D&EFGH 
 
 The purpose of these models is to determine the average expected performance of 
multiple MECC mixes (with different mix proportions) if a certain fine aggregate 
stockpile was used.  These models can be used to help determine the trade-offs when 
considering multiple fine aggregate stockpiles for use in an MECC mix.  While the 
properties of the MECC mixes will change based on the mix proportions, these models 
give an estimate to help select the fine aggregate source early-on in the mix design 
development. 
 After these models were developed, it was necessary to validate the models and 
determine how accurate they are.  Aggregate 2 was selected as the fine aggregate 
stockpile.  The models were then run using the properties of Aggregate 2.  These 
predicted values were then compared with the average value of the three MECC mixes 
with Aggregate 2 and Unoiled fibers.  Table 114 shows how the predicted values match 
with the laboratory test results for MECC mixes with Aggregate 2.  Tables 115 and 116 
show a what-if analysis for the same aggregate source by changing each aggregate 
property by plus/minus one standard deviation, as taken from Table 112.  In tis what-if 
analysis, Aggregate 2 is used and only one property is adjusted by one standard deviation 





Table 114 Predictive Model Verification Results. 
Property Predicted Actual Error (%) 
One Day Compressive Strength 3724 3673 1.4 
Three Day Compressive Stength 5685 5830 -2.5 
Twenty-Eight Day Compressive Strength 8777 8716 0.7 
Three-Day Tensile Strength 505 528 -4.4 
Three-Day Tensile Strain 0.63 0.80 -20.5 
Twenty-Eight Day Tensile Strength 680 649 4.7 
Twenty-Eight Day Tensile Strain 1.00 0.92 8.2 
Note: Input values are for Aggregate 2 where: FM=3.08, SG=2.64, Abs=1.15, 
SE=91,Uncomp=44. 
 
Table 115 What-if Analysis for Compressive Strength. 
FM SG Abs SE Uncomp. 1-Day 3-Day 28-Day 
3.08 2.64 1.15 91 44 3724 5685 8777 
3.217 2.64 1.15 91 44 3591 5405 8777 
2.943 2.64 1.15 91 44 3857 5964 8777 
3.08 2.676 1.15 91 44 3729 5685 8777 
3.08 2.604 1.15 91 44 3719 5685 8777 
3.08 2.64 2.076 91 44 3724 5685 9257 
3.08 2.64 0.244 91 44 3724 5685 8296 
3.08 2.64 1.15 95.479 44 3724 5883 8777 
3.08 2.64 1.15 86.521 44 3724 5486 8777 
3.08 2.64 1.15 91 46.664 4108 6165 9272 
3.08 2.64 1.15 91 41.336 3340 5204 8281 
 
Table 116 What-if Analysis for Tensile Properties. 
 









3.08 2.64 1.15 91 44 505 0.633 680 0.997 
3.217 2.64 1.15 91 44 505 0.681 712 1.002 
2.943 2.64 1.15 91 44 505 0.585 647 0.993 
3.08 2.676 1.15 91 44 517 0.658 682 1.008 
3.08 2.604 1.15 91 44 492 0.608 677 0.986 
3.08 2.64 2.076 91 44 512 0.633 680 0.997 
3.08 2.64 0.244 91 44 497 0.633 680 0.997 
3.08 2.64 1.15 95.479 44 513 0.633 680 0.997 
3.08 2.64 1.15 86.521 44 496 0.633 680 0.997 
3.08 2.64 1.15 91 46.664 469 0.495 666 1.003 







6.8 Summary of Findings from Statistical Analyses 
The statistical analyses performed in this study were used to identify which 
variables would influence the performance of the MECC mix.  Table 117 summarizes 
how the fine aggregates source (Agg), mix proportions (Mix), and fiber type (Fiber) 
influenced each of the material’s properties.  Table 118 breaks down the number of times 
each variable had a high, moderate, low, and no influence on the MECC’s properties.  
The beta factors showed that the most influential variable was the fine aggregates source.  
This indicates that selecting the appropriate fine aggregates for use in MECC is critical in 
developing a quality MECC mix.  The decision of whether to use oiled or unoiled fibers 
may be driven primarily by cost; oiled fibers cost considerably more than the unoiled 
fibers.  However, using low-quality fine aggregates may require the use of oiled fibers to 
achieve the required MECC material properties.  The mix proportions are also an 
important factor on the MECC mixture’s performance.  While there is no substitute for a 
quality fine aggregates, performing several trial batches to optimize the mix proportions 
is imperative in developing a cost-effective MECC mix. 
The statistical analysis showed that while different cement types may give higher 
compressive strengths, these differences were only statistically significant for the 0.5-day 
compressive strengths.  However, by using a different cement type, the tensile strains 
dropped considerably, indicating there will be trade-offs when evaluating multiple 
cement types or fine aggregates sources.   
The statistical analysis was able to determine what kind of fine aggregates would 
produce the most desirable MECC mix.  Table 119 summarizes the desired properties for 
a fine aggregates source to be used in a MECC mix.  The table shows that a fine 
aggregates having a high fineness modulus, high specific gravity (SSD), high sand 
equivalent, and high uncompacted voids would be the desirable material to use in MECC.  
While the absorption was found to have some influence, this may be because the 
absorption values could be collinear with some other aggregate properties (for instance, 
aggregates with higher uncompacted voids had lower absorption values).  Because of the 
high amount of water typically in MECC mixes (500 lbs per cubic yard), an aggregate 




























3-Day Tensile Strength Agg Fiber  Mix 
28-Day Tensile Strength Fiber   Agg, Mix 
3-Day Tensile Strain Agg Fiber Mix  
28-Day Tensile Strain Agg  Fiber Mix 
0.5-Day Compressive Strength Agg   Mix, Fiber 
1-Day Compressive Strength Agg  fiber Mix 
1.5-Day Compressive Strength Fiber Agg  Mix 
3-Day Compressive Strength Agg, Fiber   Mix 
7-Day Compressive Strength Agg, Fiber  Mix  
28-Day Compressive Strength Agg  Fiber Mix 
Abrasion Resistance (Cycle 1) Mix Fiber  Agg 
Abrasion Resistance (Cycle 2)  Mix Agg, Fiber  
Abrasion Resistance (Cycle 3)  Agg  Mix, Fiber 
Abrasion Resistance (Cycle 4)  Agg, Mix Fiber  
Abrasion Resistance (Cycle 5) Agg, Mix  Fiber  
3-Day Flexural Strength Agg, Mix    
28-Day Flexural Strength Mix  Agg  
4-Day Shrinkage  Agg, Mix, 
Fiber 
  
7-Day Shrinkage Agg  Fiber Mix 
14-Day Shrinkage  Fiber Mix Agg 
21-Day Shrinkage   Mix, Fiber Agg 
28-Day Shrinkage Mix   Agg, Fiber 
Chloride Ion Penetration Mix  Agg Fiber 
 
Table 118 Breakdown of Variable Influences on MECC's Properties 
Variable High Influence 
Moderate 
Influence 
Low Influence No Influence 
Aggregate 
Source 
11 4 3 5 
Mix 
Proportions 
6 3 4 10 
Fiber Type 6 5 8 4 
 
The R2 values of the models show that these predictive models are suitable for 
predicting the MECC’s performance.  Five of the models had R2 values greater than 0.75, 
indicating that these models have a good fit for the data.  The two models less that 0.75 





the tensile strains had a high degree of variability within the test results, so it is expected 
that the models would not be as accurate at predicting these properties of the MECC 
material.  But with most of the models having high R2 values, the concept of these 
predictive models holds true and the MECC’s performance can be predicted using only 
five critical properties of a fine aggregate stockpile.  It must be noted that these models 
are to be used within the limitations of the data that was sued to develop these models.  
Using an aggregate source with aggregate properties that fall outside the ranges of those 
listed in Table 112 would be misusing the models, and any predicted values may differ 
considerably from the actual MECC’s properties.  Also, these models are not intended to 
replace the actual testing of any MECC mixes.  Rather, these models are to be used to 
assist with the selection of an aggregate source prior to any laboratory testing and should 
not be used to provide information on what changes can be made to improve the MECC 
mix properties. 
Table 119 Summary of Desirable Aggregate Properties for use in ECC. 
Aggregate Property Relative Desired Value 
Fineness Modulus High 
Bulk Specific Gravity (SSD) High 
Absorption (%) 2% 
Sand Equivalent High 






CHAPTER 7: FIELD TRIALS 
7.1 Introduction 
This chapter presents the field trials conducted during this study.  Two large-scale 
trial batches were conducted to determine if the MECC material could be mixed at a 
traditional concrete batch plant and transported in typical concrete trucks.  A third large-
scale trial was performed to construct a small MECC overlay on top of an existing 
concrete slab to determine if standard concrete placement techniques could be used to 
construct an MECC overlay.  Additionally, a full-scale trial project was commissioned by 
NDOT in August 2015 to construct a trial bridge deck overlay in the Reno area. The 
NDOT project will be constructed after the completion of this report. 
7.2 Large-Scale Trial Batches 
In the trials, six cubic yards of MECC were batched.  Trial A was conducted at 
American Ready Mix in Sparks, Nevada on May 8, 2014.  It consisted of using a central-
mix plant setup where all of the raw dry materials (concrete sand, cement, fly ash, and 
fibers) were added into a large gravity-based mixing drum while the water and HRWR 
admixture were simultaneously sprayed into the drum.  The various components were 
mixed together for a short time and then discharged into a front-end discharge concrete 
truck.   
Trial B was conducted at 3D Concrete in Sparks, Nevada on September 25, 2014.  
It consisted of using a truck-mixed plant setup where the water and HRWR were added 
into a back-end discharge concrete truck.  The raw dry materials (concrete sand, cement, 
and fly ash) were added one by one to and mixed in the concrete truck with the fibers 
added to the truck as the last step.  All mixing took place inside of the concrete truck.  
Table 120 summarizes the mix proportions of the MECC for the two trials.  Table 121 
summarizes the mixing sequences used during these two large-scale trial batches.   
Table 120 ECC Mix Proportions for Large-Scale Trial Batches. 
Material Trial A Trial B 
Mix ID: M3-A5-U-L M3-A4-U 
Cement (lb/yd3) 869 875 
Fly Ash (lb/yd3) 1217 1225 
Sand (Dry) (lb/yd3) 869 875 
Water (lb/yd3) 501 504 
Type of HRWR Admixture MasterGlenium 7500 Plastol 6200 EXT 
HRWR Dosage (oz/cwt) 4.4 3.8 






Table 121 Mixing Sequences used for Large-Scale Trial Batches. 
Trial A (Wet Process) 
Time 
(min) 
Trial B (Dry Process) 
Time 
(min) 
Cement, fly ash, and sand were weighted out 
onto conveyor belt. 
2 
HRWR was added directly into 
concrete truck. 
1 
Conveyor belt was stopped and 75% of fibers 
were manually added onto belt. 
2 
90% of water was added to concrete 
truck. 
1 
Water and HRWR was sprayed into mix drum 
as materials were being loaded via conveyor 
belt. 
1 Sand was added to concrete truck. 1 
Material was mixed until homogeneous. 7 Fly Ash was added to concrete truck. 2 
Remaining 25% of fibers were added to empty 
concrete truck. 
1 Cement was added to concrete truck. 3 
ECC was discharged into truck and mixed for 
approximately 60 revolutions at high speed. 
2 
Remaining 10% of water was used to 




All fibers were added to concrete 
truck and mixed for approximately 90 
revolutions at high speed. 
5 
Total Time (min) 15 Total Time (min) 16 
 
In both trials, the MECC material was homogeneous and well-mixed, with 
excellent fiber distribution.  Visual survey of the MECC showed some minor cement 
clumping, but these were small and uncommon.  The material appeared to be the same 
quality as the MECC produced in the laboratory.  At both trials, the MECC material was 
used to construct trial slabs to simulate the placement of an MECC overlay.  Prior to both 
trials, several unsuccessful attempts were made to utilize local construction contractors to 
assist in the finishing these trial slabs.    Figures 83 thru 88 show the MECC material 

































Figure 87 Plant Setup for Truck-Mixed MECC from Trial Batch B. 
 






Table 122 Large-Scale Trial Batch Test Results. 
Property 
Trial A Trial B 
Lab Results Field Results Lab Results Field Results 
1-Day Compressive Strength (psi) 3,147 1,962* 2,541 2,157 
3-Day Compressive Strength (psi) 4,984 3,708* 4,158 3,824 
7-Day Compressive Strength (psi) 6,459 4,812* 5,758 5,549 
28-Day Compressive Strength 
(psi) 
9,550 8,602* 8,076 7,885 
3-Day Tensile Strength (psi) 615 542 587 511 
3-Day Tensile Strain (%) 0.652 0.587 0.725 1.395 
28-Day Tensile Strength (psi) 612 561 701 627 
28-Day Tensile Strain (%) 0.399 0.681 0.362 0.512 
28-Day Flexural Strength (psi) --- --- 862 771 
Abrasion Resistance 
(After 5 Cycles, g) 
--- --- 4.3 4.7 
RCP (coulombs) 1,835 2,084 1,745 2,106 
Note: *Compressive strength cube samples for Trial A were left overnight at the 
American Ready Mix batch plant.  As a result, these samples lost moisture and were not 
properly cured.  The 1-day, 3-day, and 7-day reported values are from these samples.  
Cylinder samples were cast and sealed during the trial, and compressive strength cubes 
were cut and tested from these cylinders.  These samples were tested and used for the 28-
day compressive strength values reported in the table. 
 
Samples were cast using MECC from both trials and brought back to the 
laboratory and later tested to determine the properties of the material.  These test results 
showed that field-mixed MECC had slightly lower tensile and compressive strengths 
compared with the corresponding laboratory-mixed MECC. However, the field-mixed 
MECC had higher tensile strain values.  This showed the properties of MECC do not 
significantly change when the material is batched at a concrete plant compared to the 
small-scale procedure in the laboratory.  Table 122 summarizes the test results for the 
large-scale trial batches and the corresponding laboratory test results.  The concept of 
maturity is simple and was originally used to evaluate different curing environments.  
Every cementitious material has the same maturity-to-strength relationship.  For instance, 
a PCC mix that reaches 5,000 psi compressive strength after 5,000 degree-hours will 
always have this relationship hold true.  If one PCC sample is placed in a cure-room and 
the second is placed in 200°F water, the second sample would have higher compressive 
strengths after 7 days.  However, this is because the second PCC sample was at a higher 
temperature, so it may have reached 5,000 degree-hours within 7 days while the first 
sample would need 12 days to reach 5,000 degree-hours (and would have about 5,000 psi 
compressive strength). 
 After the trial slab for trial batch A was completed, a temperature probe was 
placed in the MECC material and a second temperature probe was left exposed to the 





material in the trial slab and compare it with the maturity of the lab-cured MECC samples 
that are placed in the cure room.  Figure 89 shows the recorded temperatures for the 
MECC trial slab, the ambient climate, the MECC samples in the cure room, and the cure 
room climate.  Figure 90 shows the calculated maturities for the trial slab and cure room 
samples plotted against time in their respective environments.  The maturity of the trial 
slab is almost the exact same as the lab-cured samples in the first two days.  This is 
important because it shows that even with the daily temperature swings in the field, and 
MECC overlay would be expected to have the same performance as the lab-cured MECC 
samples.  This indicated that an MECC overlay is not expected to undergo hydration at a 
lower rate compared to the lab-cured MECC because of the environmental conditions. 
 





























Figure 90 Maturity Readings from Trial Batch A Slab. 
 
 A third large-scale trial took place on March 25, 2015 at 3D Concrete in Sparks, 
Nevada.  The purpose was to determine how easy the MECC material would be to place 
and finish.  The research team had discussions with representatives of Granite 
Construction, who agreed to help with placing a 1-inch thick overlay of MECC.  The 
overlay would be placed over an existing concrete slab, and the surface of the slab would 
be shot-blasted prior to the overlay construction.  The overlay measured 10 feet by 10 
feet and was placed inside of a wooden form approximately 1-inch high.  A total of three 
cubic yards of MECC material was mixed by 3D Concrete and delivered in a rear-end 
concrete truck.  Visual inspection of this MECC mix showed some minor cement 
clumping throughout the material, but these clumps were small and uncommon.  The 
fibers appeared to be well distributed and the material looked well-mixed and 
homogeneous.   
 During the placement of the MECC, the contractors spread out the material with 
shovels to fill the form.  Next, a vibratory screed was used to level out the material to 
produce a thickness of 1 inch.  During the screeding process, it was observed that the 
MECC material would not move when subjected to the vibrations from the screed.  The 
screed would ride on top of the MECC instead of consolidating the material.  In order for 
the screed to strike off the MECC, two people had to push down on the screed while a 
























Figure 91.  While this method was able to level off the MECC, the surface of the overlay 
was not very smooth.  The surface had visible tears throughout the overlay from the 
screeding process.  The contractors then used hand finishing tools to smooth out the 
surface of the trial overlay.  While the contractors were successful in producing a smooth, 
level-surfaced MECC overlay, they believed that the amount of effort needed to construct 
this trial overlay would make the construction of a full-scale bridge deck overlay 
difficult.   
 





7.3 Workability Adjustments 
 Using feedback from representatives of Granite Construction and 3D Concrete, 
the research team evaluated different methods to produce a more workable MECC 
material in the laboratory.  There were several different ideas of how to increase the 
workability of the MECC material: 
1. Self-Consolidating MECC: Make the MECC mixture more flowable like self-
consolidating concrete where the material is poured rather than placed.  This 
would be possible with a combination of a high dose (20+ fl. Oz.) of a 
polycarboxylate high-range water reducer and a viscosity-modifying admixture to 
prevent bleeding of the mixing water/fine particles. 
 
2. Change mix proportions:  Reduce the amount of cementitious material in the 
MECC mixes, as the high amounts of fly ash and cement are what caused the 
material to have a sticky feel to them.  Additionally, trying different 
supplementary cementitious materials (such as crushed limestone) to replace 
some of the cement and fly ash may also help. 
 
3. Change gradation of the fine aggregate:  Experiment with different gradations to 
determine if there is an optimal gradation that will cause the MECC material have 
increased workability.  An alternative approach would be to evaluate different 
methods of modifying the gradation of the current fine aggregates.  This would 
include using mineral fillers of designed size to fill in any gaps in the fine 
aggregate gradations. 
 
4. Evaluate different water-reducing admixtures:  Polycarboxylate water-reducers 
are very potent (high increase in slump with relatively small dosage rates).  
However, using high amounts of these admixtures (high fl. Oz. per cubic yard) 
can cause concrete mixes to have similar stickiness as the MECC mixes.  There 
are many different chemical compositions of admixtures (lignosulfonate, 
naphthalene) that when used in the MECC may reduce or eliminate the stickiness.  
The research team met with representatives of Euclid Chemical Company to discuss the 
use of different types of water-reducing admixtures in the MECC material.  These 
discussions led to the evaluation of four different water-reducing admixtures which are 







Table 123 Additional Water-Reducing Admixtures Evaluated in ECC Mixes. 
Product Name ASTM C494 Classification Admixture Chemistry 
Eucon X15 A and F Lignosulfonate 
MRX A and F Lignosulfonate 
Eucon 37 A and F Naphthalene 
Plastol 6400 A and F Polycarboxylate 
 
Samples of these admixtures were obtained from Euclid Chemical and evaluated 
in laboratory-produced MECC mixes.  Table 124 summarizes the different combinations 
of water-reducing admixtures evaluated in the laboratory.  The Eucon 1037 and Plastol 
6400 are incompatible and were not evaluated.  The X15 and MRX were not able to 
provide enough workability to the MECC material individually, or when combined 
together.  When either the MRX or X15 was used with the 37 admixture, it required a 
very high dosage of admixture to provide the necessary workability and also delayed the 
strength gain of the MECC.  When used alone, the 37 admixture was not able to provide 
enough workability to the MECC material.   
While the 6400 by itself was able to produce MECC with a 6 inch slump, the 
material was still sticky, as was the case when using the Glenium 7500 admixture.  
However, because of the effectiveness of the polycarboxylate molecules, the 6400 
admixture was needed to produce a workable MECC material.  When combined with 
either the MRX or X15, the MECC material was not as sticky as mixes with just the 6400 
admixture.  By reducing the amount of polycarboxylate admixture within the mix, the 
MECC material became easier to place and finish.  By performing several small-scale 
laboratory batches, it appeared that the combination of the Plastol 6400 and the Eucon 
MRX produced an MECC material that was easier to place and finish than any other 
combination of admixtures.  By targeting a slump of about 8 inches, the material was 
easier to place, while not having the stickiness that would cause an excessive amount of 
work to finish the surface of the MECC.  Accordingly, the recommended admixture 
combination for use in MECC would be a small dosage of polycarboxylate HRWR and a 
large dosage of a lignosulfonate HRWR.  
Table 124 Evaluated Combinations of Water-Reducing Admixtures. 
 X15 MRX 37 6400 




MRX --- Not Mixable 
Excessive 
Admixture 
Not as Sticky 
37 --- --- Not Mixable Incompatible 






7.4 NDOT Field Project 
 Task 6 of this research project was the construction of a demonstration bridge 
deck overlay.  This field application would determine the short-term and long-term 
performance of an MECC bridge deck overlay.  Additionally, it would provide valuable 
information regarding the placement, finishing, and QC/QA testing of the MECC 
material during construction.  NDOT had originally found a potential bridge for a trial 
MECC overlay during early 2014.  However, due to financial constraints, the MECC trial 
overlay was not approved.  During 2015, NDOT continued its search for a prospective 
bridge for a trial overlay.  The research team was informed that NDOT had found a 
bridge where an MECC overlay could be constructed. NDOT decided to move forward 
with the MECC trial overlay project, but not until after the conclusion of the research 
project. 
 The MECC overlay will be placed on the Lockwood Interchange Bridge to the 
east of Sparks, Nevada.  The bridge carries a two lane road that has a low amount of 
average daily car traffic but very high amount of truck traffic as Granite Construction 
uses the bridge to access the Lockwood Quarry.  The bridge is approximately 140 feet 
long and 28 feet wide.  The trial overlay must be four inches thick to match with the 
barrier rail.  The MECC trial overlay was included in NDOT Contract 3606.  On August 
13, 2015, NDOT Contract 3606 was opened for bidding by contractors.  The project was 
later awarded to Granite Construction.  The construction of the MECC overlay is 
scheduled for early spring of 2016.  The MECC specification used for this trial overlay 
followed the recommendations and developed specifications from this study.  Refer to 






CHAPTER 8: PROPOSED SPECIFICATION AND COST ESTIMATION 
8.1 Introduction 
This chapter presents the draft MECC Specification that the research team 
developed with input from the NDOT project panel.  This specification was written as a 
performance-based specification that had a few limitations on the raw materials used and 
instead focused on the MECC mix properties.  By having a performance-based 
specification, it allows for contractors and material suppliers to be innovative when it 
comes to the MECC mix designs.  This will keep MECC a cost-effective option for 
bridge deck overlay.  This chapter also discusses how the specification was developed 
and the methodology behind its development.  The proposed MECC specification is 
shown in its entirety in Appendix D.  An initial cost estimation for the MECC material is 
also presented at the end of this chapter. 
8.2 Development of ECC Specification 
There are several different sections included in the MECC specification.  The 
materials section discusses the requirements for the raw materials (sand, fibers) as well as 
requirements for the MECC mixtures (mix proportions, required strengths).  It also 
discusses performing large-scale trial batches and construction of trial slabs prior to any 
use of MECC on a NDOT bridge deck overlay project.  The construction section 
discusses the requirements for handling, placing, curing, and finishing the MECC 
material during the construction of an MECC overlay.  As the laboratory study 
progressed and additional test results became available, multiple revisions and updates 
were performed on the proposed specification.  This report presents the final version of 
the specification as recommended by the research team based on the overall findings 
from this study. 
Starting with the materials section, the material requirements were put in place to 
ensure that the fibers used in a MECC mix would have the same characteristics as the 
fibers used in this laboratory study.  Additionally, the same admixtures and cement type 
were also specified to match the kinds used in this study.  The mix design requirements 
are in line with the mix proportions evaluated.  The minimum amounts of cement, fly ash, 
and fibers were incorporated to prevent the contractors from using a MECC mix with 
very low amounts of such raw materials.  The maximum water-to-cementitious material 
ratio, amount of cement, and amount of fly ash were based on the comprehensive 
literature review conducted as part of this study.  Mixes that had higher proportion values 





The required mix design properties were developed based on the laboratory 
results of this study.  The minimum slump was implemented because the MECC material 
is can be difficult to place, so specifying a high slump should help address this problem.  
High-slump MECC mixes (and MECC mixes that have fresh properties similar to self-
consolidating concrete) are allowed, but must be tested using the appropriate methods.  
The air content was implemented to limit the amount of entrapped air that is introduced 
into the material.  The laboratory test results showed that the MECC mixes developed as 
part of this study were able to achieve the desirable maximum air content of 3%.  
 The selection of the required MECC material’s properties was determined by 
balancing both appropriate and achievable performance.  For instance, MECC mixes 
should gain strength quickly to minimize the time a bridge is closed to traffic, but the 
specification must also be achievable.  This was done by first establishing the 
specification performance levels for the MECC’s properties.  Next, the laboratory test 
results were compared with this specification to determine if the specification limit 
obtainable.  The final specification limits (which are present in the draft specification) for 
the MECC properties are values that would provide sufficient performance, but also 
performance levels that were achievable with the MECC mixes evaluated. 
When considering the early-age compressive strengths, the focus was on 
minimizing the time the bridge deck would be closed to traffic.  The laboratory tests 
showed that the developed mixes had good compressive strengths at 12 hours, but there 
was a high variability in the test results.  On the other hand, the testing variability was 
reduced after 24 hours of curing.  Therefore, a 1-day compressive strength was selected 
and included in the specification.  The research team determined, in consultation with 
NDOT, that a 2,000 psi compressive strength would allow the bridge to be opened to 
traffic.  This value is also the minimum compressive strength for opening a PCC 
pavement to traffic as specified in the 2001 NDOT Standard Specifications (31).  The 
laboratory test results showed that all eighteen of the original mixes were able to meet 
this criteria.  Depending on project requirements, performance levels can be changed 
depending on future project conditions. 
At 7 days, the minimum compressive strength was chosen as 5,000 psi because 
this value would be greater than most typical PCC mixes, which have demonstrated 
sufficient strength performance.  The test results showed that seventeen of the eighteen 
MECC mixes were able to pass his criteria.  The one MECC mix that failed had a 
compressive strength of 4,995 psi.  The 28-day compressive strength limit for the MECC 
material was set to 7,000 psi.  Having a 7,000 psi minimum would ensure that a MECC 
mix would have higher compressive strengths than most PCC mixes (32). Most of the 





The tensile properties were specified to be tested at 3 and 28 days to match up 
with the days selected for the compression tests.  The laboratory test results showed that 
both the tensile strength and tensile strain properties were very sporadic within the first 
36 hours, but stabilize at 3 days.  It was determined by the researchers and NDOT that 
after 3 days of curing a tensile strength of 400 psi is anticipated to give a satisfactory-
performing material.  A 2003 study by Swaddiwudhipong (33) showed that the average 
tensile strength of traditional PCC mixes subjected to a direct, uniaxial tensile load were 
about 365 psi.  Because MECC is expected to have higher performance than PCC, a 
minimum tensile strength of 400 psi would ensure that all MECC mixes would have 
better performance than traditional PCC mixes.  The lab results showed that the eighteen 
MECC mixes developed/evaluated in study met the 3-day minimum tensile strength limit. 
The 3-day tensile strain value was set to the desirable strain level of 0.5%.  
Traditional PCC mixes have in general a tensile strain of only 0.01%, indicating MECC 
would have 5,000% higher performance.  The test results showed that fourteen of the 
eighteen MECC mixes evaluated met this minimum set value for tensile strain at 3 days.  
However, since the polymer concrete had tensile strains of only 0.057%, the research 
team believe that a lower tensile strain value of 0.4% could be specified for a 
satisfactory-performing material.  This lower value was passed by all but one of the 
eighteen MECC mixes evaluated in this study.  The selected value is anticipated to ensure 
good ductility within the slab when compared to the polymer and PCC materials. 
The 28-day tensile strength value was determined in the same manner as the 3-
day tensile strength limit.  The Swaddiwudhipong study (33) showed that the highest 
tensile strength of the PCC samples was about 500 psi.  However, MECC is expected to 
have higher tensile strengths than traditional PCC, so the limit was raised to 600 psi.  
After testing, the laboratory results showed that all but one MECC mix were able to meet 
this specification limit.  The 28-day tensile strain value was left at 0.4% to match with the 
3-day tensile strain limit.  This is because the laboratory results indicated that on average, 
the tensile strain value of the MECC mixes is roughly the same at both 3 days and 28 
days.  While some MECC mixes gained tensile strain capacity, other mixes lost capacity.  
When compared to the tensile strain of PCC (0.01%), the MECC tensile strain limit of 
0.4% indicates all MECC mixes must have at least 40 times the tensile strain capacity of 
traditional PCC.   
In addition to the compressive and tensile properties, there were other specified 
tests on the hardened MECC material, but no minimum values were selected.  The drying 
shrinkage values would be desirable to know during field projects to determine if a 
MECC mixture is experiencing excessive shrinkage during the use phase of a MECC 





traditional PCC (32), the research team concluded that maximum shrinkage value limits 
will be waved at this time.  A revision to the shrinkage requirement may be needed as 
additional data is being collected from actual bridge deck field projects.  The split 
cylinder tensile strength values are desirable to know to understand how these values 
relate with the uniaxial tensile strength values.  Also, split cylinder tensile strengths 
would allow for more direct comparisons with traditional PCC tensile strength values.  
Not to mention, the split cylinder test would be much easier to run than the direct tensile 
test.  Lastly, the flexural strengths at 1 day were set to report to help NDOT understand 
how early traffic can be turned out onto the overlay after construction. It should be noted 
that the current 2014 NDOT Standard Specifications uses the flexural strength as the 
main indicator when determining if a PCC pavement can be opened to traffic.  The 28-
day flexural strength was set to report to help understand and predict the performance of 
the MECC overlay.  But because the flexural strengths of the MECC were much higher 
than the PCC strengths, the research team concluded that a minimum 28-day flexural 
strength value was not necessary at this time. 
The large-scale trial batch and test slab were required for a number of reasons.  
First, the material does not behave like traditional PCC, so it is imperative that the 
contractor try to place a test slab prior to any field project to avoid surprises during 
construction.  The specification allows for the contractor to test out several different 
construction methods for a MECC overlay and get approval to use these alternative 
methods during construction.  Second, mixing MECC on a large-scale may require 
special mixing sequences at the batch plant, depending on the available equipment and 
plant setup.  Performing a trial batch would allow for the contractor to determine whether 
or not the MECC material could be mixed or if any changes are necessary prior to 
constructing any field project.  Lastly, because the properties of the MECC appear to be 
slightly different between laboratory-produced and field-produced, the large-scale trial 
batch will help the contractor determine if changes to the mix design may be needed so 
the MECC material will pass the minimum material requirements specified in the 
specification during construction. 
Most of the construction section in the proposed specification was written by 
NDOT so that the construction of the MECC overlay would closely follow the NDOT 
Standard Specifications.  The results of the bond strength tests showed that water-blasting 
did not produce a strong bond; thus, the water-blasting surface preparation should not be 







8.3 Initial Cost Estimation 
 One of the reasons for the potential use of MECC instead of the proprietary 
polymer concrete for bridge deck overlays was the high cost for the polymer concrete 
material, about $1,600 per cubic yard of the material.  By determining the cost of the 
MECC material, it would provide a tangible piece of information to determine the 
economic benefits of using MECC versus the polymer concrete. 
 The cost of the MECC was determined by finding the unit costs of the constituent 
materials.  Once unit costs were established, the MECC mix proportions were selected.  
The Mix Proportion 1 was selected because this mix had the highest amount of 
cementitious materials (cement and fly ash), which are more expensive than the concrete 
sand or water.  Mix Proportion 1 was also selected because this MECC mix would meet 
the mix design requirements that are specified in the draft MECC Specification.  The 
amount of PVA fibers was set at 44 lbs per cubic yard, which was held constant 
throughout this research study.  Table 125 summarizes the tabulated cost breakdown. 
Table 125 Tabulated ECC Cost Estimation (per cubic yard). 
Raw Material ECC Mix Proportions 
(lbs) 
Unit Cost ($ per 2,000 
lbs) 
Cost per cubic yard 
($) 
Cement 970 180 87 
Fly Ash 1171 100 59 
Concrete Sand 781 20 8 
Water 515 0 0 
Fibers 44 264 (per 40 lbs) 290 
HRWR 0.75 (gal.) 75 (per gal.) 56 
  Total: $500 
 Quoted Price from Local Concrete Supplier: $460 
  
The unit costs for the cement and fly ash were found from an internet search.  
Prices for the sand were obtained from a local aggregate pit.  It was assumed that the 
amount of water would not have a significant effect on the cost of MECC, and was 
excluded.  The cost of the fibers is $264 for a 40 lbs box of the unoiled fibers, which does 
not include the shipping and handling costs.  The shipping and handling costs were not 
included because it was assumed that this cost would be greatly reduced if the fibers were 
ordered in large quantities.  The large fiber quantities could also reduce the fiber costs. 
The price of the HRWR was estimated at $75 per gallon based on conversations with 
representatives of concrete admixture companies.  The total cost for the MECC was 
estimated to be $500 per cubic yard based on these prices.  Additionally, the research 
team asked a local concrete supplier to provide a quote for the same MECC mixture.  The 
supplier estimated the cost of the MECC material to be around $460 per cubic yard.  Both 












CHAPTER 9: CONCLUSIONS AND RECOMMENDATIONS 
 
 The purpose of this study was to evaluate the performance of Engineered 
Cementitious Composites (ECC) made with locally sourced raw materials, now called 
Modified Engineered Cementitious Composite (MECC).  The objective was to determine 
if MECC can provide an alternative to the currently used polymer concrete as an overlay.  
Three different concrete sands, three different mix proportions, and two different fibers 
were used to develop eighteen different MECC mixes.  The performance of MECC was 
compared to that of a typical PCC mix and the polymer concrete mix currently used for 
bridge deck overlays in Nevada.  Based on the findings from this study the following 
observations can be made: 
1. The laboratory test results showed that MECC performed better than PCC in 
almost every test.  Furthermore, MECC had comparable performance to the 
polymer concrete in most of the tests.  The ductile behavior of MECC, combined 
with the material’s superior durability and mechanical properties make MECC a 
feasible alternative material for bridge deck overlays in Nevada. 
2. The large-scale trial batches showed that six cubic yard batches of MECC could 
be mixed in both a central-mix and dry-mix plant configurations.  MECC batched 
on the large scale also had very similar properties to laboratory-mixed MECC, 
showing the material does not lose its hardened properties when batched on a 
large scale.  These successful trial batches showed that MECC can be transported 
in commonly available concrete trucks and can be delivered to the jobsite in a 
timely and uninterrupted manner during construction. 
3. The fine aggregates source was the most influential variable in this study, 
signifying that selecting the appropriate fine aggregates for use in MECC mixes is 
critical.  The fiber type used also provided a great deal of influence on the MECC 
performance.  While the unoiled fibers cost less than the oiled fibers, the oiled 
fibers may be needed to produce an MECC mix meeting the required properties if 
lower quality fine aggregates are used.  The mix proportions for any MECC 
mixture need to be optimized for each fine aggregates.  A certain mix proportion 
may work for one fine aggregates source, but not necessarily for another fine 
aggregates source.  Trade-offs will need to be considered when selecting the 
aggregate source, cement type, mix proportions, and fiber type for an MECC mix.  
Multiple MECC mixes may need to be developed and evaluated until an MECC 







4. The type of cement used can have a large influence on certain properties of the 
MECC.  While different cement may provide higher compressive strengths, the 
MECC mixture may have reduced tensile properties.  Additionally, the increase in 
compressive strengths may not necessarily be statistically significant when taking 
into account the test variability.  When evaluating multiple cements, fine 
aggregates, or fiber types, there will be trade-offs.  Multiple laboratory trial 
batches may be needed to fully understand how different fine aggregates, 
cements, and mix proportions will influence the MECC mix properties. 
 The findings from this study showed that MECC has many desirable properties 
that make it an ideal material for bridge deck overlays.  A full-scale trial MECC overlay 
is currently planned for construction in 2016 to fully evaluate the short-term and long-
term performance of MECC overlays to determine if MECC is suitable for replacement 
of the polymer concrete bridge deck overlays in Nevada. Additionally, the development 
of a performance-based specification for MECC was completed to allow for the use of 
variety of fine aggregates sources and mix proportions.  The development of an MECC 
specification will facilitate the implementation of MECC overlays in Nevada. 
 This research has shown that MECC made with locally available concrete sands is 
a material that exhibits many desirable properties.  While this study attempted to 
determine the level of expected performance of MECC, there were many factors that 
could be further explored.  Recommendations for future research on the MECC material 
include the following topics: 
 
1. The primary source of cost associated with MECC is the fibers.  While the fiber 
content was kept constant at 2% by volume throughout the study, it may be 
possible to achieve the same level of performance with lower volumes of fiber in 
the MECC mix.  Additionally, while two types of fibers were evaluated, the only 
difference was the presence of the oiling agent on the oiled fibers.  There are 
many different fiber properties that could be changed (length, chemical 
composition, use of multiple types of fibers) which could not only produce quality 
MECC mixes, but mixes that are also cost-effective. 
2. While the MECC material was being evaluated to determine its applicability for 
use in bridge-deck overlays, the material may be used elsewhere.  There are 
numerous potential applications for MECC within Nevada (bridge columns, 
concrete pavement patching).  While some of these applications will require high-
performing MECC mixes, others may not need high-strength MECC mixes, but 





uses, NDOT could use MECC to further replace proprietary products and save 
money with cost-effective MECC mixes. 
3. The groundwork for the MECC specification was completed within this study.  
However, this study will conclude before the MECC trial overlay is completed in 
the spring of 2016.  The outcome of the MECC trial overlay may require 
modifications to the specification.  For instance, while MECC had less shrinkage 
than PCC, there may need to be a limit on the shrinkage values for MECC to 
perform well in the field.  There may also need to be additions to the specification 
to address any issues that arise from the trial overlay, such as changes to the 
placement and finishing techniques, to ensure that future MECC overlays will 
have good performance.  Such areas could include the requirement of a bonding 
agent applied to a bridge deck just prior to the construction of the MECC overlay.  
Additionally, the statistical analyses showed that certain aggregate properties may 
be more desirable for use in MECC mixes.  The current specification could be 
updated to require certain aggregate properties that would provide higher 
performance MECC mixes. 
4. The workability of MECC makes the material more difficult to place/finish than 
traditional PCC.  While the research team evaluated different admixtures, there 
are several different methods of increasing the workability.  First, self-
consolidating MECC mixes are a possibility.  While initial tests have shown that 
the additional HRWR may cause retardation of the MECC material, it would 
allow for the MECC to be poured into forms rather than spread out.  Second, 
mineral fillers could be added to modify the fine aggregate gradation.  By using 
concrete sands, the gradation of the MECC mix as a whole has a gap on the #100 
and #200 sieves, and this gap could be responsible for the extra effort to place 
MECC.  Third, different supplementary cementitious materials could be used, 
such as different fly ashes or crushed limestone.  These other SCMs could reduce 
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APPENDIX A: LABORATORY TEST DESCRIPTIONS 
 
Introduction 
The following are descriptions of how each of the laboratory tests that were conducted 
for this research project.  Many of the tests were performed in accordance with either 
NDOT Test Methods, ASTM, or AASHTO test standards.  There were some tests which 
did not have any test standard at the time of this research project.  Instead, the research 
team worked to develop testing procedures to ensure that these tests would be 
consistently conducted in the same manner for the duration of the project.  The purpose 
of this section is to help the reader understand how each test is performed and to provide 






This test was conducted in accordance with ASTM C78. 
Cube samples measuring 2 
in. by 2 in. by 2 in. were cast 
in reusable molds.  Molds 
were filled in two 
approximate equal layer with 
each layer being tamped.  
After tamping the second 
(top) layer, the surface was 
smoothed out to make the 
samples flush with the mold.  
Once filled, the molds were 
immediately moved into the 
humidity chamber at 100% 
relative humidity (R.H.) for 
24 hours.  After 24 hours, 
the samples were removed 
from the molds and left in 
the humidity chamber until 
time of testing.  Samples 
tested at 12 hours were 
removed from molds after 12 
hours and immediately tested.   
Samples were tested by applying a compressive load at a rate of about 300 pounds per 
second.  This rate of loading was held constant until the applied load was approximately 
50% of the estimated peak load the sample would experience during testing.  After this 
point, no adjustments to the rate of loading were made to the testing machine.  Samples 
were tested until applied load was 50% of the peak load.  The peak load for each sample 
was recorded, and each samples was measured prior to testing.  The peak compressive 
strength for each sample was then calculated and recorded.  Four samples were tested and 






There is currently no test standard for this test.  The research team developed this test 
procedure to closely mimic the test procedures found in the literature review, which were 
used to evaluate ECC’s tensile properties. 
Dog-bone shaped samples measuring 11 in. by 2.25 in. by 0.5 in were cast in reusable 
molds.  Molds were filled in one layer that was tamped 25 times.  After tamping, the 
surface was smoothed out to make the samples flush with the mold.  Once filled, the 
molds were immediately moved into the humidity chamber at 100% R.H. for 24 hours.  
After 24 hours, the samples were removed from the molds and left in the humidity 
chamber until time of testing. 
Samples were tested by placing each end of the sample into steel grips.  One grip was 
fixed, while the other was allowed to move and apply the tensile load.  A tensile load was 
applied to the samples at a rate of about 2 pounds per second.  Samples were loaded until 
the applied load was 10% of the peak load.  Tachometer tape was placed on the sample 
and a laser extensometer was used to measure the displacement of the middle 3.5 inches 
of the sample.  The load and displacement were measure continuously throughout the 
duration of the test.  The thickness and width of the middle section of each sample was 
measured prior to testing.  The stress-strain curve for each samples was then calculated 
and plotted.  The peak tensile strength was identified and recorded.  The tensile strain for 
each samples was determined by looking for a sudden drop in the stress-strain curve.  
That is, the tensile strain was the strain at which the sample experienced a significant 

































This test was conducted in accordance with Nev. Test Method 442G. 
Beams measuring 6 in. by 6 in. by 21 in. were cast in reusable flexural strength beam 
molds.  Molds were filled in two approximate equal layers with each layer being rodded.  
After rodding the second (top) layer, the surface was smoothed out to make the samples 
flush with the mold.  Once filled, the molds were immediately moved into the humidity 
chamber at 100% relative humidity (R.H.) for 24 hours.  After 24 hours, the samples 
were removed from the molds and were cut using concrete saws.  Samples measuring 6 
in. by 3 in. by 21 in. were cut from the middle of the cast beam.  These samples were then 
placed in the humidity chamber until time of testing. 
Samples were tested by applying a compressive load at a rate of about 450 pounds per 
second.  This rate of loading was held constant over the duration of the test.  Samples 
were tested until applied load was 50% of the peak load.  The peak load for each sample 
was recorded, and each samples was measured prior to testing.  The peak flexural 
strength for each sample was then calculated and recorded.  Two samples were tested and 







Louisiana Interlayer Shear Stress Tester (L.I.S.S.T.) 
This test was conducted in accordance with the procedure outlined in NCHRP 9-40 (34). 
Cylindrical samples measuring 6 in. diameter and 2 in. height of traditional Portland 
cement concrete (PCC) were cast in disposable plastic molds.  These molds were placed 
in the humidity chamber at 100% R.H. for 28 days, after which the samples were 
removed from the molds.  The top of these samples were prepared with either shot-
blasting or water-blasting.  The shot-blasting consisted of using aluminum beads to 
remove the mortar and expose the coarse aggregates of the top of the sample to a depth of 
approximately ¼ inch.  The water-blasting consisted of using a 4,000 psi pressure washer 
to remove the mortar and expose the coarse aggregate.  However, the pressure washer 
was only able to lightly texture the surface.  After the surface preparation, 2 in. of ECC 
was placed on top of the PCC samples.  These samples were placed in the humidity 
chamber and removed from the molds after 24 hours.  Samples not tested after 24 hours 
were placed back into the cure room until time of testing. 
Samples were tested by being placed on the side in the L.I.S.S.T. apparatus.  The bottom 
part (PCC) was fastened to resist movement.  A shear load is applied to the top part 
(ECC) of the specimen only.  The load is applied to the sample by applying a 
displacement of 0.1 inch per minute to the top of the sample.  The peak load was 
recorded and the sample diameter was measured to calculate the bond strength.  Three 










This test was conducted in accordance with ASTM C882. 
 
Cylinder samples measuring 3 in. diameter and 6 in. height of PCC were cast in 
disposable plastic molds.  These molds were placed in the humidity chamber at 100% 
R.H. for 28 days, after which the samples were removed from the molds.  These samples 
were saw cut at a 45 degree angle to cut the specimen into two equal parts.  Afterwards, 
the saw-cut surface was subjected to one of the surface treatments evaluated, either shot-
blasting or water-blasting.  Once the surface preparation was complete, these samples 
were placed back into disposable plastic molds, and ECC was added to the molds, on top 
of the treated PCC surface.  These samples were then placed in the humidity chamber and 
removed from the molds after 24 hours.  Samples not tested after 24 hours were placed 
back into the cure room until time of testing. 
 
Samples were tested by 
applying a compressive load 
to the cylinders.  These 
samples were tested in a 
similar fashion to typical 
compressive strength cylinder 
samples for concrete.  The 
compressive load was applied 
at a rate of 35 pounds per 
second.  The load was applied 
until the samples failed.  The 
peak load was recorded and 
the area of the bond interface 
was measured and used to 
calculate the bond strength.  
Three samples were tested and 









This test was conducted in accordance with ASTM C1583 
 
Cylinder samples measuring 6 in. diameter and 3 in. height of PCC were cast in 
disposable plastic molds.  These molds were placed in the humidity chamber at 100% 
R.H. for 28 days, after which the samples were removed from the molds.  Afterwards, the 
surface was subjected to one of the surface treatments evaluated, either shot-blasting or 
water-blasting.  Once the surface preparation was complete, these samples were placed 
back into disposable plastic molds, and 3 inches of ECC were added to the molds, on top 
of the treated PCC surface.  These samples were then placed in the humidity chamber and 
removed from the molds after 24 hours.  Samples not tested after 24 hours were placed 
back into the cure room until time of testing.  Just prior to testing, a 2 in. diameter core-
bit was used to core the middle of the sample, completely through the ECC layer and 
about ¼ inch into the PCC layer.  The top of the ECC layer was dried off using 
compressed air prior to testing. 
 
2 in. diameter metal caps were glued to the top of the cored ECC layer.  The glue was 
given two hours to dry before testing began.  Using the pull-off tester, a tensile load was 
applied to the metal cap, which would pull the ECC layer from the PCC layer.  This 
tensile load was applied at a rate of 5 psi per second.  The load was applied until the 
sample failed.  The failure type was recorded, as well as the peak tensile load applied.  
The surface area at the bond interface was measured and used to calculate the bond 
strength.  All samples experienced failure at the ECC/PCC bond interface.  Three 







This test was conducted in accordance 
with ASTM C157. 
 
Beam samples measuring 3 in. by 3 in. by 
11 in. were cast in reusable metal molds.  
ECC was added to the molds in two equal 
layers, each layer was rodded with the top 
layer also smoothed off to produce a very 
uniform sample.  Samples were placed in 
the humidity chamber at 100% R.H. for 
24 hours, after which the samples were 
removed from the molds.  These samples 
were then submerged in a lime-saturated 
water bath for 27 days.  Afterwards, the 
samples were removed from the 100% 
R.H. chamber and placed in a second 
humidity chamber set to 50% R.H.  
Shrinkage values were measured at 4, 7, 
14, 21, and 28 days after the samples were 
placed in the second humidity chamber at 
50% R.H. 
 
The shrinkage values were determined by 
using a comparator.  The samples were 
placed in the comparator immediately 
after being removed from the molds; this 
value would serve as the initial 
measurement.  Subsequent measurements 
taken after the beams were placed in the 
second humidity chamber were recorded 
and compared to the initial measurement.  
By performing the calculations described 
in the ASTM test methods, these 
comparator measurements were converted 
into shrinkage values.  Two samples were 








This test was performed in accordance with ASTM C944. 
 
Cylindrical samples measuring 6 in. diameter by 2 in. height were cast in disposable 
plastic molds.  Samples were placed in the humidity chamber at 100% R.H. for 24 hours, 
after which the samples were removed from the molds and the top ½ inch was saw cut 
from the sample and would serve as the test specimen.  These specimens were then 
returned to the humidity chamber and cured for 27 days.  After curing, the samples were 
removed from the cure room and allowed to air-dry in the laboratory environment for 3 
hours prior to testing.   
 
Samples were tested 
by the use of a rotating 
cutter wheel.  This 
cutter wheel was 
affixed to a mounted 
drill press, and would 
be in contact with the 
samples and grind 
away at the samples.  
22 pounds of force 
was the applied load 
that the cutter wheel 
had with the samples.  
This cutter wheel also 
rotated at a speed of 
220 rotations per 
minute.  There were 
five abrasion cycles 
performed for each 
sample, which lasted 
for two minutes each.  
The samples were 
wiped down and 
weighed before and 
after each abrasion to 
determine the amount 
of mass each sample 
lost for each cycle.  
Two samples were 
tested and the average 







This test was performed in accordance with ASTM C666. 
 
Beam samples measuring 3 in. by 4 in. by 11 in. were cast in reusable metal molds.  ECC 
was added to the molds in two equal layers, each layer was rodded with the top layer also 
smoothed off to produce a very uniform sample.  Samples were placed in the humidity 
chamber at 100% R.H. for 24 hours, after which the samples were removed from the 
molds.  These samples were then submerged in a lime-saturated water bath for 13 days.  
Afterwards, these samples were removed from the water bath, wrapped in plastic 
sheeting, and placed in a freezer at 0 degrees Fahrenheit.  This test was performed by 
CTL Thompson in Denver, Colorado, so the beam samples were shipped frozen in a 
cooler to their laboratory.  After CTL Thompson had completed the test, the laboratory 
prepared a report summarizing the test results and sent it to the research team.  Two 






Resistance to Chloride Ion Penetration 
This test was performed in accordance with ASTM C1202. 
 
Samples measuring 4 in. diameter by 8 in. height were cast in disposable plastic molds.  
ECC was added to the molds in three equal layers, each layer was rodded with the top 
layer also smoothed off.  Samples were placed in the humidity chamber at 100% R.H. for 
24 hours, after which the samples were removed from the molds.      Two specimens 
measuring 4 in. diameter by 2 in. height were cut from the middle of the cylinder and 
would serve as the test specimens.    These specimens were returned to the cure room for 
to cure for an additional 55 days.  The samples were removed and allowed to air-dry in 
the laboratory for one hour, after which the circumferential side of each samples was 
sprayed with an aerosol plastic coating.  Two applications of this spray was applied, 
which each application having 30 minutes to dry.  Afterwards, the specimens were placed 
in a vacuum chamber for 3 hours.  The vacuum was stopped and water was added to 
completely cover the samples.  The vacuum was then restarted and run for an additional 
18 hours.   
 
The samples were removed from the vacuum and quickly dried off with a towel.  Each 
sample was placed between two plastic test blocks and a silicone gel was used to seal the 
edge of the samples with the test blocks.  This gel was given about one hour to dry.  A 
solution of NaCl was added to one test block while a solution of NaOH was added to the 
other test block for each sample.  After, a power supply unit was connected to the test 
blocks and a 60 volt charge was applied to each specimen.  Using a multi-meter, the 
voltage was measured for each specimen at a maximum of 30 minute intervals.  The test 
was run for 6 hours.  Afterwards, the voltage measurements were then used to calculate 
the total number of coulombs that had passed through the specimen.  Two samples were 



























































APPENDIX D: PROPOSED ECC SPECIFICATION 
 




496.01.01 General.  This work consists of overlaying existing concrete 




 496.02.01 General.  No coarse aggregates are to be used for the ECC 
material.  Fine aggregates shall conform to Subsection 706.03.03.  
  
 Fibers to be used for ECC material shall be manufactured of polyvinyl-
alcohol (PVA) with a fiber diameter of 0.04 mm (1.5 mils) and a length of 
between 8 mm (0.3 inch) and 13 mm (0.5 inch).  The surface of the fiber may be 
oiled by the manufacture with 0.8% (by weight) hydrophobic oiling compound 
along the length of the fiber.   Fiber strength shall be a minimum of 1.6 GPa (232 
ksi) with a tensile elastic modulus of at least 40 GPa (5,800 ksi).   
 
 Water reducing, high range admixture (superplasticizer) shall conform to 
ASTM C 494 Type F or G and ASTM C1017 Type 1 or 2.  The selected water 
reducing, high range admixture shall be comprised of a polycarboxylate chemical 
composition.  Hydration stabilizing admixtures shall conform to ASTM C494, 
Type D.  Viscosity modifying admixtures (VMA) shall conform to ASTM C494, 
Type S. 
 
 Type II cement shall be used in all ECC mixes.  Fly ash shall be an ASTM 
C618 Class F fly ash.   
 
496.02.02 Mix Design Requirements.  The ECC mixture requirements 
are shown in Table.  For the mixture proportions listed, the assumed specific 
gravity for the fibers is 1.3.  Adjustments to the weight of fiber may be allowed to 
meet the required 2% by volume.  The amount of High Range Water Reducer 
(HRWR) may be adjusted to reach the target workability of the mix.  Additional 
HRWR may be added at the construction site to adjust the workability of the mix 
in small quantities if proven through demonstration to be effective.  Water 
additions are not allowed at the construction site or in transit. 
 
The combined mass of cement and pozzolan will be considered as the 
mass of cementitious material when determining compliance with the maximum 
water-cementitous requirement of Table 1 of Section 496.02.02.  The amount of 
cement only will be considered as the mass of cement when determining 





Table 1: Required ECC Mix Design Parameters. 
 
ECC Mix Design Parameter Value  
Polyvinyl-alcohol Fibers (PVA) 
Approx. 44 lb/yd3 
2% by volume 
Maximum Water-Cementitious Material Ratio (lb/lb) 0.3 
Cement Range (lb/yd3) 800-1100 
Fly Ash Range (lb/yd) 800-1500 
 
The proposed ECC mix design shall be submitted a minimum of 35 
working days prior to placement of the ECC material.  Mechanical and fresh 
property requirements for the ECC material are shown in Table 2 and all 
requirements must be met by proposed ECC mix design.  Testing for hardened 
ECC may be conducted at the Civil Engineering Materials Laboratory at the 
University of Nevada, Reno under the direction of Professor Elie Y. Hajj (1664 N. 
Virginia Street, Reno, Nevada 89557, (775) 784-1180).  Other testing 
laboratories shall be approved prior to testing. 
 
Table 2: Required ECC Mix Design Performance. 
 
 Fresh ECC Properties (Lab and Jobsite)  
Property Test Method Required Value for Fresh ECC Material 
Slump (in.) 
Nev. Test 
Method T438C  
Minimum of 7 
Slump Flow (in.) (See Note (A) Below) 
Nev. Test 
Method T417B 
Maximum of 24 
Air Content (%) 
Nev. Test 
Method T432E 
Maximum of 3 




 Hardened ECC Mechanical Properties (See Note (B) Below) 
Property Test Method 12 hrs 1 day 3 days 7 days 28 days 
Minimum Compressive Strength (psi) ASTM C109 Report 2000 Report 5,000 7000 
Minimum Uniaxial Ultimate Tensile Strength (psi) See Note (C) 
Below 
  400  600 
Minimum Tensile Rupture Strain Capacity (%)   0.4  0.4 
Maximum Free Drying Shrinkage (µε) ASTM C157     Report Report 
Split Tensile Strength (psi) ASTM C496    Report Report 
Flexural Strength (psi) 
See Note (D) 
Below 
 Report   Report 
(A) If ECC mix design designates a slump of greater than 10 inches, perform the slump flow test to 
measure workability.  Air content and unit weight shall be determined using Nev. Test Method 
T416B.  The maximum Visual Stability Index for ECC mix shall not exceed 1. 
(B) 12 hour and 3 day compressive strength tests are only required for samples cast from the large-
scale trial batch and samples retrieved from the corresponding test slab. 
(C) Refer to Subsection 496.02.04 for detailed description of test method to obtain uniaxial tensile 
strength and tensile strain capacity of ECC material. 
(D) Specimens shall have modified dimensions of 6 inch width, 21 inch length, and 3 inch depth and 
shall be saw-cut from the middle of a full 6 inch width, 21 inch length, and 6 inch depth beam 
immediately after demolding.  Cast and test specimens in accordance with Nev. Test Method 
T442F.   
496.02.03 Trial Batch.  Appoint a technical representative capable of making 





shall be familiar with the mixing, batching, and placement of ECC material.  The 
technical representative shall designate a batching sequence of ECC material to 
ensure uniform fiber dispersion and homogeneity of the material. Table 3 shows 
the required mixing sequence for small-scale trial batches of workable ECC 
mixtures.  Table 4 shows the suggested mixing sequence for large-scale trial 
batches; the contractor may modify this sequence to produce a workable mixture 
with satisfactory fresh properties (as approved by the Engineer). The technical 
representative shall be present at the trial batch and at the first placement of 
ECC material to make recommendations and adjustments. A small-scale trial 
batch may be performed to become familiar with the material.  Small-scale trial 
batches shall be performed using a concrete mixer.  
 








1 Charge all sand 1 
2 Charge approximately 75% of mixing water, all HRWR, all hydration stabilizer 1 
3 Charge all fly ash 2 
4 Charge all cement and remaining mixing water intermittently 4 
5 Charge fibers 1 
6 Mix for 5 minutes or until mixture is homogeneous 5 
 
Table 4: Suggested Large-Scale ECC Mixing Sequence. 
 





Weight out all sand, fly ash, cement, and fiber 
onto weight hopper conveyor belt. 
3 Charge all sand. 2 
Discharge all dry materials into central mixing 
drum.  Simultaneously, add all mixing water and 
HRWR to mixing drum. 
2 Charge approximately 80-90% of 
mixing water, all HRWR. 
2 
Mix for 5 minutes or until mixture is 
homogeneous. 
5 Charge all fly ash. 2 
Discharge into concrete truck. 1 Charge all cement. 2 
--- --- 
Charge remaining mixing water to 
wash drum fins. 
3 
--- --- 
Mix at high RPM for 2 minutes or 
until mixture is homogeneous. 
2 
--- --- Charge all fibers. 3 
--- --- 
Mix at high RPM for 5 minutes or 
until mixture is homogeneous. 
5 
 
 Perform a minimum of 6yd3 large-scale trial batch at least 35 days prior to 
full production.  The Engineer shall be notified of the time of the trial batch 
placement a minimum of 48 hours before batching.  Quality control specimens 
shall be cast from this trial batch according to Table 2.  The large-scale trial batch 





materials that will be used for the ECC overlay mixture.  For the trial batch to be 
considered successful, fiber dispersion and both fresh and mechanical material 
properties shall meet all requirements of this special provision as shown in Table 
2.  Qualitative judgment will be made by the Engineer as to proper homogeneous 
fiber dispersion throughout the fresh material.  If the trial batch does not meet all 
of these requirements, the trial batch shall be repeated at no additional cost to 
the department.  The 28-day test results of a successful trial batch shall be 
received by the Engineer at least 7 days prior to full production.   
 
Using ECC material from a successful large-scale trial batch, place and 
finish a test slab of approximately 3yd3 at the mix plant or on the project site, as 
designated, a minimum of 7 days prior to full production.  The slab thickness 
shall be similar to the thickness that the ECC material will be placed as specified 
in the contract.  The Contractors shall thoroughly moisten surfaces on which 
ECC will be placed with water immediately before placing concrete.  Place ECC 
to avoid segregation of the material.  Consolidate the ECC in accordance with 
Section 502.03.08.  Finish the test slab in accordance with Section 496.03.01 of 
this special provision.  The slab shall be cured using the same method that will 
be used when curing the ECC during construction.  Cure the test slab in 
accordance with 501.03.09. 
 
The purpose of the test slab is to determine the best way to place, 
consolidate, finish, and cure the ECC material.  A test slab must be placed at the 
mix plant or on the project site without the ECC segregating and finished to 
provide a smooth surface free from tears. If a modification of the mix design or 
batching sequence is necessary, a revised mix design and batching sequence 
must be prepared and another test slab placed.  Repeat the submittal and test 
slab process until a workable and finished test slab is produced.  Test slabs may 
be poured using material from a large-scale trial batch but shall only be accepted 
if the corresponding large-scale trial batch is considered successful.  Do not 
place the ECC overlay as specified in the contract until the test slab has been 
accepted.   
 
If consolidation and/or finishing of the material prove difficult using the 
methods described in the standard specification and this special provision, the 
Contractor may make modifications to these methods.  Multiple test slabs may 
need to be placed for the Contractor to become familiar with and to evaluate 
different methods for consolidating, finishing, and curing the material.  All 
modifications by the Contractor must be demonstrated to the Engineer to show 
the improvements of the consolidation, curing, and/or finishing qualities of the 
ECC material.  These modified methods must be pre-approved by the Engineer 
at least 7 days prior to full production. 
 
Samples shall be retrieved from the test slab to determine the 





taken and cut into 2-inch cubes or have a rectangular piece cut out from the slab 
and then cut into 2-inch cubes.  Samples shall be retrieved at 12 hours, 1 day, 
and 3 days after the completion of the test slab. Samples shall be tested within 2 
hours of being removed from the test slab.  These cube samples must meet the 
requirements for compressive strength in Table 2. 
 
 496.02.04 Uniaxial Test. The following is the test method used to 
determine the uniaxial tensile strength and tensile strain capacity of ECC material 
 
This test method covers the determination of the uniaxial tensile strength 
and tensile strain capacity of an ECC material when subjected to a uniaxial 
tensile load. 
 
Uniaxial tension tests shall be run on a servo-hydraulic testing machine 
capable of operating a displacement controlled test at a test speed of 0.1 mil/sec.  
The servo-hydraulic testing machine shall be capable to measure the 
displacement between grips and the applied load at a frequency of 2 
measurements per second or greater.  
 
Specimens to be used in this uniaxial tension test shall conform to the 
dimensions shown in Figure 1.  At least 4 replicates shall be tested. Specimens 
shall be compacted using a tamping rod as mentioned in ASTM C109, tamping 
the entire surface of the specimens.  Finish the specimens with a damp trowel to 
give the specimen a smooth surface.  Place specimens into curing room at a 
relative humidity of between 96% and 100% until time of test.  Demold 
specimens after 24 hours.  Use extreme care when removing specimens from 
molds. Specimens damaged during removal from molds shall be discarded 
immediately.  Specimens shall be air dried in laboratory for 1 hour prior to 






Figure 1: Dimensions of specimens for uniaxial tension test. 
 
Measure the width and depth of the specimen at 3 places along the neck 
of the specimen.  Place specimens into the grips of the servo-hydraulic testing 
machine.  Ensure that there is sufficient contact between the grips and the 
specimen.  Apply load to the specimen at a rate not exceeding 3 lb/sec.  
Continue the test until specimen has failed. 
 
Determine the cross sectional area of the specimen using the average 
value of the three measurements of specimen’s depth and width.  Divide the 
applied load by the area to determine the applied tensile stress.  Determine the 
tensile strain of the specimen using the following equation. 
 
U (%) = [(Displacement at time = t) – (Displacement at time = 0)](Displacement at time = 0) × 100 
 
Report the following results from the uniaxial tensile test for each specimen 
tested.  
 
Ultimate uniaxial tensile strength of each tested specimen. 
 
Rupture uniaxial tensile strain of each tested specimen. 
 
Average and standard deviation values for both the maximum uniaxial 
tensile strength and tensile strain. 
 
95% confidence interval for both the maximum uniaxial tensile strength 
and tensile strain. 
 




 496.03.01 Preparation, Placement, and Cure.  Prior to placement of the 
ECC overlay, scarify the existing slab surface by shot blasting or hydroblasting.  
Use of scabblers, milling machines, or sand blasting will be at the discretion of 
the Engineer.  If shot blasting is utilized, use a 75 hp minimum self-propelled 
machine equipped with vacuum recovery.  If electing to use the hydroblasting 
method to scarify the existing slab surface, do not exceed a water pressure at the 
nozzle of 55 MPa (8,000 psi).  The scarifying procedure shall produce a uniform 
rough texture, removing paste and exposing the coarse aggregate to a depth not 






Trucks delivering ECC material to the project shall be fully discharged 
within 90 minutes of charging.  A request written request to exceed the specified 
90 minute time limit for the discharge of the ECC material as specified in 
Subsection 501.03.06.  Because of the high flowability of ECC material and 
placement on sloping surfaces, any vibration may pose problems with 
maintaining the location of the ECC material, causing it to flow down grade to the 
low point of the crown before setting.  Care shall be used to not over agitate ECC 
material to cause excessive flowing. 
 
 ECC material shall be placed so as not to segregate the material.  
The ECC shall be consolidated in accordance with Section 502.03.08.  Curing of 
the ECC overlays shall be in conformance with Subsection 501.03.09.  The 
Contractor can choose to use the alternative methods from the test slab if found 
to be necessary.  These alternative methods must be pre-approved by the 
Engineer at least 7 days prior to full production. 
 
496.03.02 Surface Finish. In advance of curing operations, use a 
mechanical steel tine device to form grooves in the ECC overlay parallel to the 
centerline. Do not perform tining too early, where by the grooves may close up. 
Make tines of rectangular cross section and of sufficient thickness and resilience 
to result in grooves spaced 19 mm (3/4 in.) on center, 2 mm to 3 mm (3/32 in. to 
1/8 in.) wide and 3 mm to 5 mm (1/8 in. to 3/16 in.) deep in the finished concrete 
pavement.   
 
Tine the ECC overlay within 75 mm (3 in.), but no closer than 50 mm (2 
in.), of pavement edges. 
 
Maintain the tining device clean and free of encrusted mortar and debris to 
ensure uniform groove dimensions. 
 
Do not tine pavement which has set, whereas the operation is lifting 
aggregate out of, or tearing, or causing excessive roughness to the pavement 
surface. In such case, groove the pavement as directed. 
 
Grind and groove pavement surfaces that do not meet tining 
requirements. Perform grinding and grooving to meet the tining requirements as 
directed. 
 
496.03.03 Surface Tolerances. Produce completed surfacing which is 
smooth and free from ruts, humps, depressions, or irregularities. Eliminate 
ridges, indentations, or other objectionable marks left in the surface. Discontinue 
use of equipment that leaves ridges, indentations, or other objectionable marks in 







After final finishing the surface shall meet the straightedge measurement. 
 
The Engineer will perform the straightedge measurement. When a 
straightedge 3.6 m (12 ft) long is laid on the finished surface and parallel with the 
centerline of the highway, the surface shall not vary more than 7.5 mm (0.3 in.) 
from the lower edge of the straightedge. When a straightedge 3.6 m (12 ft) long 
is laid on the finished surface and at right angles with the centerline, the surface 
shall not vary more than 7.5 mm (0.3 in.) from the lower edge of the straightedge. 
 
Correct defective areas by abrasive grinding, by removal and 
replacement, or approved methods. 
 
The grinding machine for correcting defective areas shall be power driven, 
self-propelled and specifically designed to remove, profile, smooth, and texture 
the overlay. Use grinding machine with a wheel base of not less than 3.6 m (12 
ft), equipped with a rotating powered mandrel drum studded with diamond blades 
with a cutting head not less than 0.9 m (3 ft) wide. Equip the grinding machine 
with an effective means for controlling dust and other particulate matter. 
 
Perform grinding in a longitudinal direction. Satisfactorily grind to produce 
a uniform textured surface over the surface areas designated for grinding. 
 
The surface of the ground pavement shall have parallel corduroy-type 
texture consisting of grooves between 2.3 mm (0.09 in.) and 3.3 mm (0.13 in.) 
wide. The peaks of the ridges shall be approximately 1.5 mm (1/16 in.) higher 
than the bottom of the grooves with approximately 170 to 190 evenly spaced 
grooves per meter (52 to 57 grooves per foot). 
 
Pick up and dispose of grinding materials, including water used for the 
grinding operation, outside the right of way according to Subsection 107.14. 
 
496.04.01 Quality Assurance.   Quality assurance of ECC materials shall 
be consistent with standard specifications.  Compressive strength cube samples, 
uniaxial tensile test samples, and flexural strength samples shall be cast on site 
at the time of placement.  Tests on the fresh properties of ECC shall be 
performed concurrently with casting of samples when possible.  Samples shall be 
taken every 100 yd3 or fraction thereof, and first samples shall be taken within 
first two loads.  Tests to evaluate fresh properties shall be taken every 50 yd3 or 
fraction thereof, and first tests shall be performed within first two loads. 
 
METHOD OF MEASUREMENT 
 







BASIS OF PAYMENT 
 
 
496.05.01 Payment.  The accepted quantities, measured as provided 
above, will be paid for at the contract price per unit of measurement for the pay 
items listed below that are shown in the proposal.  Payment will be full 
compensation for the work prescribed in this Section. 
 
Payment will be made under: 
 
Pay Item          Pay Unit 
Deck Seal Concrete        Square 
Yard 
 
